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Abstract  This paper presents a method for determining the conductance matrix of 
multi terminal semiconductor structures with edge channels.In order to identify the 
conductance matrix, we suggest to measure the values of the voltages Ui,j between 
all probes at different directions of the highly-stabilized current Ii,j, where i,j ± 
indexes of probes. Then, the data obtained have to be used for the solution of the 
system of the linear algebraic equations based on the Kirchhoff's circuit laws for 
each from the eight terminals. Thus, the conductance matrix, G, is followed to be 
created taking account of the instrument and statistical accuracy of every element 
Gi,j. This method appears to be applied within frameworks of the ordinary 
Landauer-Buttiker formalism for the carrier transport analysis in the regime of both 
the quantum Hall Effect and the quantum spin Hall Effect. The proposed method 
proves to take into account principally the contribution of the probes resistance in 
the formation of the matrix conductance elements. Finally, the possibilities of the 
practical application of this method to develop new versions of analog 












    
    
    
    
    
    
    
   
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    





ȼ ɪɚɛɨɬɟ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ 
ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɬɪɭɤɬɭɪ ɫ ɤɪɚɟɜɵɦɢ ɤɚɧɚɥɚɦɢ. ȼ 
ɨɫɧɨɜɟ ɦɟɬɨɞɚ ɥɟɠɢɬ ɪɟɲɟɧɢɟ ɫɢɫɬɟɦɵ ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ 
(ɋɅȺɍ) ɧɚ ɛɚɡɟ ɭɪɚɜɧɟɧɢɣ Ʉɢɪɯɝɨɮɚ, ɫɨɫɬɚɜɥɟɧɧɵɯ ɢɡ ɪɚɡɧɨɫɬɟɣ 
ɩɨɬɟɧɰɢɚɥɨɜ Uij, ɢɡɦɟɪɟɧɧɵɯ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɨɤɨɜ Ikl, ɝɞɟ i, j, k, l - ɧɨɦɟɪɚ 
ɤɨɧɬɚɤɬɨɜ. Ɇɚɬɪɢɰɚ, ɩɨɥɭɱɟɧɧɚɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɟɲɟɧɢɹ ɋɅȺɍ, ɩɨɥɧɨɫɬɶɸ 
ɨɩɢɫɵɜɚɟɬ ɢɫɫɥɟɞɭɟɦɭɸ ɫɬɪɭɤɬɭɪɭ, ɨɬɪɚɠɚɹ ɟɺ ɝɟɨɦɟɬɪɢɸ ɢ ɨɞɧɨɪɨɞɧɨɫɬɶ. 
Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɦɨɠɟɬ ɧɚɣɬɢ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɢɡɜɟɫɬɧɨɝɨ ɮɨɪɦɚɥɢɡɦɚ Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ ɞɥɹ ɚɧɚɥɢɡɚ ɬɪɚɧɫɩɨɪɬɚ 
ɧɨɫɢɬɟɥɟɣ ɜ ɪɟɠɢɦɚɯ ɤɜɚɧɬɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ ɢ ɤɜɚɧɬɨɜɨɝɨ ɫɩɢɧɨɜɨɝɨ 
ɷɮɮɟɤɬɚ ɏɨɥɥɚ. ȼ ɪɚɦɤɚɯ ɩɪɟɞɥɚɝɚɟɦɨɝɨ ɦɟɬɨɞɚ ɭɱɢɬɵɜɚɟɬɫɹ ɜɤɥɚɞ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, Rc, ɜ ɮɨɪɦɢɪɨɜɚɧɢɟ ɷɥɟɦɟɧɬɨɜ 
ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. Ɋɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɨɝɨ 
ɩɪɢɦɟɧɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɚɧɚɥɨɝɨɜɵɯ 
ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ. 
 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    




Ɉɞɧɢɦ ɢɡ ɚɤɬɭɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɢɣ ɜ ɫɨɜɪɟɦɟɧɧɨɣ ɮɢɡɢɤɟ 
ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɹɜɥɹɟɬɫɹ ɢɡɭɱɟɧɢɟ ɤɜɚɧɬɨɜɚɧɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ, ɞɟɦɨɧɫɬɪɢɪɭɸɳɢɯ ɜ 
ɫɢɥɶɧɨɦ ɦɚɝɧɢɬɨɦ ɦɨɥɟ ɧɚɥɢɱɢɟ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɨɬɨɪɵɯ 
ɥɟɠɢɬ ɜ ɨɫɧɨɜɟ ɤɜɚɧɬɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ (Ʉɗɏ) [1, 2]. Ɉɬɞɟɥɶɧɵɣ ɢɧɬɟɪɟɫ 
ɩɪɟɞɫɬɚɜɥɹɸɬ ɬɨɩɨɥɨɝɢɱɟɫɤɢɟ ɩɚɪɧɵɟ ɤɪɚɟɜɵɟ ɤɚɧɚɥɵ, ɜ ɤɨɬɨɪɵɯ ɧɨɫɢɬɟɥɢ 
ɢɦɟɸɬ ɩɪɨɬɢɜɨɩɨɥɨɠɧɭɸ ɨɪɢɟɧɬɚɰɢɸ ɫɩɢɧɨɜ ɜ ɨɬɫɭɬɫɬɜɢɟ ɜɧɟɲɧɟɝɨ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɱɬɨ ɨɬɤɪɵɜɚɟɬ ɜɨɡɦɨɠɧɨɫɬɢ ɞɥɹ ɪɟɝɢɫɬɪɚɰɢɢ ɤɜɚɧɬɨɜɨɝɨ 
ɫɩɢɧɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ (Ʉɋɗɏ) [3-7]. ɂɫɫɥɟɞɨɜɚɧɢɹ ɜ ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɢ 
ɦɨɝɭɬ ɧɚɣɬɢ ɲɢɪɨɤɨɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɫɩɢɧɬɪɨɧɢɤɟ ɢ ɪɚɡɪɚɛɨɬɤɟ 
ɤɜɚɧɬɨɜɵɯ ɤɨɦɩɶɸɬɟɪɨɜ ɧɚ ɛɚɡɟ ɧɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ  - ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ 
ɢɡɨɥɹɬɨɪɨɜ ɢ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɨɜ [8, 9].  
ɉɪɢ ɨɩɢɫɚɧɢɢ ɹɜɥɟɧɢɹ ɤɪɚɟɜɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɟɠɢɦɟ Ʉɗɏ ɢ Ʉɋɗɏ ɞɥɹ 
ɪɚɫɱɟɬɚ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɪɚɡɰɨɜ, ɢɦɟɸɳɢɯ ɧɟɫɤɨɥɶɤɨ ɤɨɧɬɚɤɬɨɜ, ɯɨɪɨɲɨ 
ɡɚɪɟɤɨɦɟɧɞɨɜɚɥ ɫɟɛɹ ɮɨɪɦɚɥɢɡɦ Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ [10, 11]. ȼ ɪɚɦɤɚɯ 
ɷɬɨɝɨ ɩɨɞɯɨɞɚ ɩɨɥɧɵɣ ɬɨɤ, ɩɪɨɬɟɤɚɸɳɢɣ ɱɟɪɟɡ ɨɛɪɚɡɟɰ, ɜ ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ 
ɡɚɩɢɫɵɜɚɟɬɫɹ ɤɚɤ I = G·V, ɝɞɟ I ɢ V ± ɫɬɨɥɛɰɵ ɬɨɤɨɜ ɢ ɧɚɩɪɹɠɟɧɢɣ ɞɥɹ 
ɤɚɠɞɨɝɨ ɢɡ N ɤɨɧɬɚɤɬɨɜ, G - ɦɚɬɪɢɰɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɪɚɡɦɟɪɧɨɫɬɢ N x N. 
ɐɟɥɶ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɡɚɤɥɸɱɚɥɚɫɶ ɜ ɪɚɡɪɚɛɨɬɤɟ ɦɟɬɨɞɚ ɪɟɝɢɫɬɪɚɰɢɢ 
ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɬɪɭɤɬɭɪ ɢ 
ɞɟɦɨɧɫɬɪɚɰɢɢ ɜɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɩɪɢɦɟɧɟɧɢɹ ɧɚ ɩɪɢɦɟɪɟ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ 
ɯɨɥɥɨɜɫɤɨɝɨ ɦɨɫɬɢɤɚ ɜ ɪɟɠɢɦɚɯ Ʉɗɏ ɢ Ʉɋɗɏ. Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɨɩɪɟɞɟɥɢɬɶ 
ɦɚɬɪɢɰɭ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɚɦɤɚɯ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɦɟɬɨɞɚ, ɧɟɨɛɯɨɞɢɦɨ 
ɢɡɦɟɪɢɬɶ ɩɚɞɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ Ui,j ɦɟɠɞɭ ɤɚɠɞɨɣ ɩɚɪɨɣ ɤɨɧɬɚɤɬɨɜ ɩɪɢ 
ɭɫɥɨɜɢɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɨɤɚ Ik,l, ɝɞɟ i,j,k,l ± ɧɨɦɟɪɚ ɤɨɧɬɚɤɬɨɜ. ɂɧɞɟɤɫɵ (k, l) 
ɩɨɞɛɢɪɚɸɬɫɹ ɬɚɤ, ɱɬɨɛɵ ɢɡ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɫɬɚɧɨɜɢɥɨɫɶ ɜɨɡɦɨɠɧɵɦ ɞɥɹ 
ɤɚɠɞɨɝɨ ɢɡ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɨɜ ɫɨɫɬɚɜɢɬɶ ɫɢɫɬɟɦɭ ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ 
ɭɪɚɜɧɟɧɢɣ, ɛɚɡɢɪɭɸɳɢɯɫɹ ɧɚ ɩɪɚɜɢɥɚɯ Ʉɢɪɯɝɨɮɚ. Ɋɟɲɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ 
ɭɪɚɜɧɟɧɢɣ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɦɚɬɪɢɰɭ ɩɪɨɜɨɞɢɦɨɫɬɢ G, ɚ ɬɚɤɠɟ ɪɚɫɫɱɢɬɚɬɶ 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
5 
 
ɫ ɭɱɟɬɨɦ ɫɬɚɬɢɫɬɢɱɟɫɤɨɣ ɢ ɩɪɢɛɨɪɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ Ui,j ɬɨɱɧɨɫɬɶ 
ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ Gi,j. Ɉɞɧɚɤɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ 
ɪɟɝɢɫɬɪɚɰɢɹ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɫ ɤɪɚɟɜɵɦɢ ɤɚɧɚɥɚɦɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɡɜɟɫɬɧɭɸ ɫɥɨɠɧɨɫɬɶ, 
ɩɨɫɤɨɥɶɤɭ ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɧɢɦɚɬɶ ɜɨ ɜɧɢɦɚɧɢɟ ɪɹɞ ɩɨɛɨɱɧɵɯ ɷɮɮɟɤɬɨɜ. ȼ 
ɱɚɫɬɧɨɫɬɢ, ɜɨɡɧɢɤɚɸɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɷɞɫ, ɜɫɥɟɞɫɬɜɢɟ ɧɚɥɢɱɢɹ ɤɨɧɟɱɧɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɢ ɧɟɩɨɥɧɨɣ ɞɢɫɫɢɩɚɰɢɢ ɷɧɟɪɝɢɢ 
ɛɚɥɥɢɫɬɢɱɟɫɤɢɯ ɧɨɫɢɬɟɥɟɣ ɧɚ ɤɨɧɬɚɤɬɚɯ ɫɬɪɭɤɬɭɪɵ. ȼ ɪɚɦɤɚɯ ɩɪɟɞɥɨɠɟɧɧɨɝɨ 
ɦɟɬɨɞɚ ɞɟɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧ ɜɤɥɚɞ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, Rc, 
ɜ ɮɨɪɦɢɪɨɜɚɧɢɟ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɟɠɢɦɚɯ Ʉɗɏ ɢ Ʉɋɗɏ. 
Ɋɚɫɫɦɨɬɪɟɧɵ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ 
ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɚɧɚɥɨɝɨɜɵɯ ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ. 
 
2. Ɋɟɡɭɥɶɬɚɬɵ ɢ ɨɛɫɭɠɞɟɧɢɟ 
2.1. ɂɡɦɟɪɟɧɢɟ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɣ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɫɬɪɭɤɬɭɪɵ  
Ɋɚɫɫɦɨɬɪɢɦ ɚɥɝɨɪɢɬɦ ɩɨɫɬɪɨɟɧɢɹ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɚ ɩɪɢɦɟɪɟ 
ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ (ɫɦ. ɪɢɫ. 1). ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɚɬɪɢɰɚ ɫɨɞɟɪɠɢɬ 
8 ɯ 8 = 64 ɷɥɟɦɟɧɬɚ, ɢɡ ɧɢɯ 8 ± ɞɢɚɝɨɧɚɥɶɧɵɯ, ɤɚɠɞɵɣ ɢɡ ɤɨɬɨɪɵɯ ɪɚɜɟɧ 
ɫɭɦɦɟ ɷɥɟɦɟɧɬɨɜ ɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɫɬɪɨɤɟ, ɜɡɹɬɨɣ ɫɨ ɡɧɚɤɨɦ «-», ɢ 64 ± 8 = 
56 ɧɟɞɢɚɝɨɧɚɥɶɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɤɨɬɨɪɵɯ ɧɟɨɛɯɨɞɢɦɨ 
ɫɨɫɬɚɜɢɬɶ ɫɢɫɬɟɦɭ ɢɡ 56 ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ (ɋɅȺɍ). Ⱦɥɹ 
ɷɬɨɝɨ ɬɪɟɛɭɟɬɫɹ ɡɚɩɢɫɚɬɶ ɭɪɚɜɧɟɧɢɹ Ʉɢɪɯɝɨɮɚ ɞɥɹ ɤɚɠɞɨɝɨ ɢɡ ɜɨɫɶɦɢ 
ɤɨɧɬɚɤɬɨɜ, ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɦɟɪɟɧɢɹ ɜɫɟɯ ɜɨɡɦɨɠɧɵɯ ɪɚɡɧɨɫɬɟɣ ɩɨɬɟɧɰɢɚɥɨɜ 
Uij, i,j = 1 ± 8, i  j, ɩɪɢ ɭɫɥɨɜɢɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɨɤɚ ɞɥɹ ɫɟɦɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪ 
ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɨɜ. ȼɟɥɢɱɢɧɭ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɨɝɨ ɬɨɤɚ ɪɟɤɨɦɟɧɞɭɟɬɫɹ 
ɩɨɞɛɢɪɚɬɶ ɬɚɤ, ɱɬɨɛɵ ɜɵɞɟɥɹɟɦɚɹ ɦɨɳɧɨɫɬɶ ɞɠɨɭɥɟɜɨɝɨ ɬɟɩɥɚ ɛɵɥɚ ɦɧɨɝɨ 
ɦɟɧɶɲɟ 1ɦȼɬ [12]. ɉɪɢ ɷɬɨɦ ɨɫɧɨɜɧɵɦ ɤɪɢɬɟɪɢɟɦ ɩɨɞɛɨɪɚ ɫɥɭɠɢɬ ɛɚɥɚɧɫ 
ɦɟɠɞɭ ɜɵɞɟɥɟɧɢɟɦ  ɨɛɪɚɡɰɨɦ ɬɟɩɥɚ ɢ ɟɝɨ ɩɨɝɥɨɳɟɧɢɟɦ ɬɟɩɥɨɧɨɫɢɬɟɥɟɦ, 
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ɢɫɩɨɥɶɡɭɟɦɵɦ ɞɥɹ ɩɨɞɞɟɪɠɚɧɢɹ ɩɨɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ 






ijijj UGI ,                                                    (1) 
ɝɞɟ Ij ² ɬɨɤ, ɩɪɨɬɟɤɚɸɳɢɣ ɱɟɪɟɡ ɤɨɧɬɚɤɬ c ɧɨɦɟɪɨɦ j,  Gij ² ɢɫɤɨɦɵɟ 
ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. ɉɪɢ ɷɬɨɦ ɜɵɛɨɪ ɩɚɪ ɬɨɤɨɜɵɯ 
ɤɨɧɬɚɤɬɨɜ (k,l) ɞɨɥɠɟɧ ɛɵɬɶ ɨɛɭɫɥɨɜɥɟɧ ɫɢɦɦɟɬɪɢɟɣ ɢɡɭɱɚɟɦɨɝɨ 
ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ. Ɍɚɤ, ɜ ɫɥɭɱɚɟ ɯɨɥɥɨɜɫɤɨɣ ɝɟɨɦɟɬɪɢɢ 
ɤɨɧɬɚɤɬɨɜ (ɫɦ. ɪɢɫ. 1), ɬɚɤɢɦɢ ɩɚɪɚɦɢ ɛɭɞɭɬ: (k,l) = (1,5); (1,4); (1,3); (1,2); 
(2,6); (2,7); (2,8), ɬ.ɤ. ɫɪɟɞɢ ɬɚɤɨɝɨ ɧɚɛɨɪɚ ɧɟɬ ɞɜɭɯ ɩɚɪ, ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɫ 
ɬɨɱɤɢ ɡɪɟɧɢɹ ɫɢɦɦɟɬɪɢɢ. ȼ ɩɪɨɬɢɜɧɨɦ ɫɥɭɱɚɟ, (ɧɚɩɪɢɦɟɪ, ɟɫɥɢ ɜ ɧɚɛɨɪɟ ɩɚɪ 
ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɨɜ ɟɫɬɶ (1,4) ɢ (1,6)) ɦɚɬɪɢɰɚ ɤɚɠɞɨɣ ɋɅȺɍ ɛɭɞɟɬ ɫɨɞɟɪɠɚɬɶ 
ɞɜɟ  ɫɬɪɨɤɢ ɫ ɷɥɟɦɟɧɬɚɦɢ, ɨɬɥɢɱɚɸɳɢɦɢɫɹ ɩɨɩɚɪɧɨ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɥɢɲɶ ɜ 
ɩɪɟɞɟɥɚɯ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɩɨɥɭɱɟɧɧɚɹ ɦɚɬɪɢɰɚ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɥɢɛɨ ɛɭɞɟɬ ɫɨɞɟɪɠɚɬɶ ɡɚɜɟɞɨɦɨ ɥɨɠɧɵɟ ɪɟɲɟɧɢɹ, ɥɢɛɨ ɜ 
ɩɪɢɧɰɢɩɟ ɧɟ ɫɦɨɠɟɬ ɛɵɬɶ ɩɨɫɬɪɨɟɧɚ ɜɜɢɞɭ ɪɚɜɟɧɫɬɜɚ ɧɭɥɸ ɨɩɪɟɞɟɥɢɬɟɥɹ 
ɋɅȺɍ (1).  
Ⱦɥɹ ɫɨɤɪɚɳɟɧɢɹ ɜɪɟɦɟɧɢ ɢɡɦɟɪɟɧɢɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ 
ɬɨɤɚ ɢɡɦɟɪɹɬɶ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ ɬɨɥɶɤɨ ɦɟɠɞɭ 8 ɪɚɡɥɢɱɧɵɦɢ ɩɚɪɚɦɢ 
ɤɨɧɬɚɤɬɨɜ ɢɡ 28 ɜɨɡɦɨɠɧɵɯ. Ɉɫɬɚɜɲɢɟɫɹ 20 ɡɧɚɱɟɧɢɣ ɪɚɡɧɨɫɬɟɣ ɩɨɬɟɧɰɢɚɥɨɜ, 
ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɋɅȺɍ, ɦɨɠɧɨ ɜɵɱɢɫɥɢɬɶ, ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ 
ɫɜɨɣɫɬɜɨɦ ɚɞɞɢɬɢɜɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɚ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ.  
Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɩɨɝɪɟɲɧɨɫɬɢ ɩɨɥɭɱɟɧɧɵɯ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ Gij, 
ɧɟɨɛɯɨɞɢɦɨ ɪɚɫɫɱɢɬɚɬɶ ɫɬɚɬɢɫɬɢɱɟɫɤɭɸ ɢ ɩɪɢɛɨɪɧɭɸ ɨɲɢɛɤɢ ɞɥɹ  ɪɚɡɧɨɫɬɟɣ 
ɩɨɬɟɧɰɢɚɥɨɜ Uij, ɚ ɡɚɬɟɦ, ɫ ɩɨɦɨɳɶɸ ɢɡɜɟɫɬɧɵɯ ɮɨɪɦɭɥ ɞɥɹ ɩɨɝɪɟɲɧɨɫɬɟɣ 
ɫɭɦɦɵ ɢ ɩɪɨɢɡɜɟɞɟɧɢɹ ɧɟɫɤɨɥɶɤɢɯ ɜɟɥɢɱɢɧ [13], ɜɵɱɢɫɥɢɬɶ ɩɨɝɪɟɲɧɨɫɬɢ ɞɥɹ 
ɨɩɪɟɞɟɥɢɬɟɥɟɣ ɦɚɬɪɢɰɵ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (1) ɢ ɜɫɟɯ ɟɺ ɦɢɧɨɪɨɜ. Ⱦɚɥɟɟ, 
ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ ɦɟɬɨɞɨɦ Ʉɪɚɦɟɪɚ, ɫɬɚɧɨɜɢɬɫɹ ɜɨɡɦɨɠɧɵɦ ɩɨɥɭɱɢɬɶ 
ɩɨɝɪɟɲɧɨɫɬɢ ɞɥɹ ɤɚɠɞɨɝɨ ɢɡ ɷɥɟɦɟɧɬɨɜ ɨɛɪɚɬɧɨɣ ɦɚɬɪɢɰɵ ɋɅȺɍ (1), 
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ɤɨɬɨɪɵɟ ɩɨɫɥɟ ɭɦɧɨɠɟɧɢɹ ɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɫɬɨɥɛɟɰ ɬɨɤɨɜ, ɞɚɸɬ ɢɫɤɨɦɵɟ 
ɜɟɥɢɱɢɧɵ ¨Gij. 
ȼɚɠɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɨɩɢɫɚɧɧɨɝɨ ɜɵɲɟ ɦɟɬɨɞɚ ɩɨɥɭɱɟɧɢɹ ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɹɜɥɹɟɬɫɹ ɧɟɡɚɜɢɫɢɦɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ,  
ɫɢɦɦɟɬɪɢɱɧɵɯ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɢɚɝɨɧɚɥɢ, Gij ɢ Gji, ɢ ɨɬɜɟɱɚɸɳɢɯ 
ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɹɦ ɩɪɨɬɟɤɚɧɢɹ ɬɨɤɚ. ȼ ɫɥɭɱɚɟ, ɤɨɝɞɚ 
ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɨɛɥɚɞɚɸɬ ɫɜɨɣɫɬɜɨɦ ɜɡɚɢɦɧɨɫɬɢ, ɬ.ɟ. Gij = Gji, ɦɚɬɪɢɰɚ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɹɜɥɹɟɬɫɹ, ɩɨ ɫɭɬɢ, ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɫɯɟɦɨɣ ɢɫɫɥɟɞɭɟɦɨɝɨ 
ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɢ ɩɨɥɧɨɫɬɶɸ ɟɝɨ ɨɩɢɫɵɜɚɟɬ ɩɪɢ ɡɚɞɚɧɧɵɯ 
ɭɫɥɨɜɢɹɯ ɷɤɫɩɟɪɢɦɟɧɬɚ (ɜɟɥɢɱɢɧɟ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɨɝɨ ɬɨɤɚ, ɬɟɦɩɟɪɚɬɭɪɵ, 
ɞɚɜɥɟɧɢɹ), ɩɨɞɨɛɧɨ «ɛɟɥɨɦɭ ɹɳɢɤɭ», ɨɩɢɫɚɧɧɨɦɭ ɇɨɪɛɟɪɬɨɦ ȼɢɧɟɪɨɦ [14]. 
Ȼɨɥɟɟ ɬɨɝɨ, ɢɡ ɚɧɚɥɢɡɚ ɜɟɥɢɱɢɧ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɫɢɦɦɟɬɪɢɢ ɝɟɨɦɟɬɪɢɢ ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɪɚɡɰɚ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɫɬɟɩɟɧɢ 
ɟɝɨ ɨɞɧɨɪɨɞɧɨɫɬɢ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɞɥɹ ɩɥɚɧɚɪɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɜɵɩɨɥɧɟɧɧɨɣ ɜ 
ɝɟɨɦɟɬɪɢɢ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ ɦɨɫɬɢɤɚ, ɜ ɫɥɭɱɚɟ ɪɚɜɧɨɦɟɪɧɨɝɨ 
ɥɟɝɢɪɨɜɚɧɢɹ ɢ ɪɚɜɟɧɫɬɜɚ ɪɚɫɫɬɨɹɧɢɣ ɦɟɠɞɭ ɩɪɨɞɨɥɶɧɵɦɢ ɤɨɧɬɚɤɬɚɦɢ, ɛɭɞɭɬ 
ɜɵɩɨɥɧɹɬɶɫɹ ɪɚɜɟɧɫɬɜɚ G23 = G34 = G67 = G78,  G24 = G68, G12 = G81 = G45 = G56 
ɢ ɬ.ɞ. 
Ɍɚɤɨɟ ɨɩɢɫɚɧɢɟ, ɨɞɧɚɤɨ, ɫɬɚɧɨɜɢɬɫɹ ɧɟɜɨɡɦɨɠɧɵɦ, ɟɫɥɢ ɦɚɬɪɢɱɧɵɟ 
ɷɥɟɦɟɧɬɵ Gij ɧɟ ɨɛɥɚɞɚɸɬ ɫɜɨɣɫɬɜɨɦ ɜɡɚɢɦɧɨɫɬɢ, Gij  Gji. ɗɬɢ ɭɫɥɨɜɢɹ 
ɧɚɪɭɲɚɸɬɫɹ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ [15]. ɉɪɢ 
ɷɬɨɦ ɫɢɦɦɟɬɪɢɹ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɨɛɪɚɳɟɧɢɸ ɜɪɟɦɟɧɢ ɬɪɟɛɭɟɬ ɜɵɩɨɥɧɟɧɢɹ 
ɫɨɨɬɧɨɲɟɧɢɹ BjiBij GG −+ = ][][ [16]. Ɉɬɞɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɥɭɱɚɣ 
ɤɜɚɧɬɭɸɳɢɯ ɩɨɥɟɣ. Ɍɨɝɞɚ ɦɚɬɪɢɰɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɚɧɨɜɢɬɫɹ ɷɤɜɢɜɚɥɟɧɬɧɚ 
ɩɨ ɫɜɨɟɦɭ ɫɦɵɫɥɭ ɦɚɬɪɢɰɟ ɮɭɧɤɰɢɢ ɩɪɨɩɭɫɤɚɧɢɹ, ɩɨɥɭɱɟɧɧɨɣ ɜ ɪɚɦɤɚɯ 
ɮɨɪɦɚɥɢɡɦɚ Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ, ɢ ɩɨ ɜɢɞɭ ɦɚɬɪɢɰɵ ɫɬɚɧɨɜɢɬɫɹ 
ɜɨɡɦɨɠɧɵɦ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɪɟɚɥɢɡɚɰɢɢ ɤɪɚɟɜɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɜ ɪɟɠɢɦɚɯ 
ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɤɜɚɧɬɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ ɢ ɤɜɚɧɬɨɜɨɝɨ ɫɩɢɧɨɜɨɝɨ ɷɮɮɟɤɬɚ 
ɏɨɥɥɚ [1, 16]. ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɫɭɳɟɫɬɜɭɟɬ ɰɟɥɵɣ ɪɹɞ ɨɪɢɝɢɧɚɥɶɧɵɯ ɪɚɛɨɬ, 
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ɩɨɫɜɹɳɟɧɧɵɯ ɩɪɨɛɥɟɦɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɞɨɤɚɡɚɬɟɥɶɫɬɜɚ ɧɚɥɢɱɢɹ ɭɡɤɨɝɨ 
ɩɪɨɜɨɞɹɳɟɝɨ ɫɥɨɹ ɜ 3D ɢ 2D ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ, ɚ ɬɚɤɠɟ ɩɨɩɵɬɤɚɦ  
ɜɢɡɭɚɥɢɡɚɰɢɢ ɷɬɨɝɨ ɫɥɨɹ [8, 17]. ɉɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɡɜɨɥɹɟɬ ɧɟ ɬɨɥɶɤɨ ɪɟɲɢɬɶ ɷɬɭ ɩɪɨɛɥɟɦɭ, ɧɨ ɢ ɫɜɹɡɚɬɶ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɫ ɬɟɨɪɟɬɢɱɟɫɤɢɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɧɚ 
ɛɚɡɟ ɮɨɪɦɚɥɢɡɦɚ Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ ɢ ɦɚɬɪɢɰ ɪɚɫɫɟɹɧɢɹ  ɩɪɢ ɨɩɢɫɚɧɢɢ 
ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɵɯ ɤɜɚɧɬɨɜɵɯ ɩɨɩɪɚɜɨɤ ɤ ɩɪɨɜɨɞɢɦɨɫɬɢ [18-21]. ȼ 
ɱɚɫɬɧɨɫɬɢ, ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɦɨɝɭɬ ɨɬɪɚɠɚɬɶ ɨɫɰɢɥɥɹɰɢɢ Ⱥɚɪɨɧɨɜɚ-
Ʉɚɲɟɪɚ ɩɪɨɞɨɥɶɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɤɨɬɨɪɵɟ ɜɨɡɧɢɤɚɸɬ ɜɫɥɟɞɫɬɜɢɟ 
ɢɡɦɟɧɟɧɢɣ ɜɟɥɢɱɢɧɵ ɫɩɢɧ-ɨɪɛɢɬɚɥɶɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ Ɋɚɲɛɵ ɜ ɜɚɥɟɧɬɧɨɣ 
ɡɨɧɟ ɤɜɚɧɬɨɜɨɣ ɹɦɵ ɜ ɭɫɥɨɜɢɹɯ ɩɪɢɥɨɠɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɜɟɪɬɢɤɚɥɶɧɨɝɨ 
ɡɚɬɜɨɪɚ [7, 20, 22-26]. Ɇɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɬɚɤɠɟ ɦɨɠɟɬ 
ɛɵɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧ ɧɚ ɫɥɭɱɚɣ ɤɨɥɶɰɟɜɵɯ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ 
[20, 26]. ɉɪɢ ɷɬɨɦ ɨɬɞɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɫɫɥɟɞɨɜɚɧɢɟ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɨɬ ɜɟɥɢɱɢɧɵ ɢɧɞɭɤɰɢɢ ɜɧɟɲɧɟɝɨ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɪɟɠɢɦɟ ɪɟɝɢɫɬɪɚɰɢɢ ɷɮɮɟɤɬɚ Ⱥɚɪɨɧɨɜɚ-Ȼɨɦɚ [27-30]. 
 ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɪɹɞ 
ɩɨɛɨɱɧɵɯ ɷɮɮɟɤɬɨɜ, ɩɪɢɜɨɞɹɳɢɯ ɤ ɩɨɹɜɥɟɧɢɸ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɷɞɫ ɧɚ 
ɤɨɧɬɚɤɬɚɯ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɡɧɚɱɢɬɟɥɶɧɵɟ ɨɲɢɛɤɢ ɩɪɢ  
ɨɩɪɟɞɟɥɟɧɢɢ ɜɟɥɢɱɢɧ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ Gij. Ʉ ɬɚɤɢɦ ɩɨɛɨɱɧɵɦ ɷɮɮɟɤɬɚɦ 
ɨɬɧɨɫɹɬɫɹ: 
1) ɷɞɫ ɚɫɢɦɦɟɬɪɢɢ ɩɨɩɟɪɟɱɧɵɯ ɡɨɧɞɨɜ [31]. Ɋɚɫɫɨɝɥɚɫɨɜɚɧɢɟ ɜ 
ɪɚɫɫɬɨɹɧɢɹɯ ɦɟɠɞɭ ɤɨɧɬɚɤɬɚɦɢ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɜɟɫɶɦɚ 
ɫɭɳɟɫɬɜɟɧɧɵɦ ɢɫɤɚɠɟɧɢɹɦ ɜɟɥɢɱɢɧ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɨɫɨɛɟɧɧɨ ɜ 
ɭɫɬɪɨɣɫɬɜɚɯ ɧɚɧɨɷɥɟɤɬɪɨɧɢɤɢ. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɟɯɧɨɥɨɝɢɢ 
ɢɡɝɨɬɨɜɥɟɧɢɹ ɫɬɪɭɤɬɭɪɵ, ɬɨɱɧɨɫɬɶ b, ɫ ɤɨɬɨɪɨɣ ɜɵɫɬɚɜɥɹɟɬɫɹ 
ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɤɨɧɬɚɤɬɚɦɢ, L, ɦɨɠɟɬ ɜɚɪɶɢɪɨɜɚɬɶɫɹ ɨɬ 10 ɧɦ ɞɨ 1 
ɦɤɦ. Ɍɚɤ ɞɥɹ ɫɨɜɪɟɦɟɧɧɨɣ ɮɨɬɨɥɢɬɨɝɪɚɮɢɢ ɞɨɫɬɢɝɧɭɬɚ ɬɨɱɧɨɫɬɶ ɜ 100 
ɧɦ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɨɲɢɛɤɚ  ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ 
ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ a=b/L. 
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2) ɗɮɮɟɤɬɵ ɬɟɪɦɨɷɞɫ, ɜɨɡɧɢɤɚɸɳɢɟ ɧɚ ɤɨɧɬɚɤɬɚɯ ɩɪɢ ɧɚɥɢɱɢɢ ɝɪɚɞɢɟɧɬɚ 
ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɟ, ɚ ɬɚɤɠɟ ɧɚ ɭɡɥɨɜɵɯ ɬɨɱɤɚɯ 
ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɰɟɩɢ ɜ ɦɟɫɬɚɯ ɫɨɟɞɢɧɟɧɢɹ ɞɜɭɯ ɪɚɡɥɢɱɧɵɯ ɦɟɬɚɥɥɨɜ ɡɚ 
ɫɱɟɬ ɷɮɮɟɤɬɚ Ɂɟɟɛɟɤɚ.  Ⱦɥɹ ɦɢɧɢɦɢɡɚɰɢɢ ɜɤɥɚɞɚ ɬɟɪɦɨɷɞɫ 
ɪɟɤɨɦɟɧɞɭɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɪɢ ɦɨɧɬɚɠɟ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɰɟɩɢ ɬɨɥɶɤɨ 
ɫɨɟɞɢɧɟɧɢɹ ɬɢɩɚ ɦɟɞɶ-ɦɟɞɶ, ɢɡɛɟɝɚɹ ɩɪɢ ɷɬɨɦ ɨɛɪɚɡɨɜɚɧɢɹ ɨɤɢɫɥɨɜ, ɢ 
ɫɬɪɨɝɨ ɜɵɞɟɪɠɢɜɚɬɶ ɭɫɥɨɜɢɟ ɬɟɪɦɨɫɬɚɛɢɥɢɡɚɰɢɢ ɜ ɩɪɨɰɟɫɫɟ ɢɡɦɟɪɟɧɢɣ. 
ɉɪɢ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɢɡɦɟɪɟɧɢɹɯ ɬɚɤɠɟ ɦɨɠɧɨ ɩɪɨɜɨɞɢɬɶ 
ɭɫɪɟɞɧɟɧɢɟ ɢɡɦɟɪɟɧɧɵɯ ɪɚɡɧɨɫɬɟɣ ɩɨɬɟɧɰɢɚɥɨɜ ɩɨ ɞɜɭɦ ɧɚɩɪɚɜɥɟɧɢɹɦ 
ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɨɝɨ ɬɨɤɚ. 
3) ɷɞɫ, ɜɨɡɧɢɤɚɸɳɢɟ ɜɫɥɟɞɫɬɜɢɟ ɧɚɥɢɱɢɹ ɤɨɧɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭ 
ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, Rc. Ɍɚɤ ɤɚɤ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɟɜɨɡɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɨɥɶɤɨ 4-ɯ ɤɨɧɬɚɤɬɧɵɟ ɫɯɟɦɵ 
ɢɡɦɟɪɟɧɢɢ, ɬɨ ɞɥɹ ɤɚɠɞɨɣ ɩɚɪɵ ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɨɜ (k,l) ɪɚɡɧɨɫɬɢ 
ɩɨɬɟɧɰɢɚɥɨɜ Ukj ɢ Uik ɛɭɞɭɬ ɜɤɥɸɱɚɬɶ ɜ ɫɟɛɹ ɩɚɪɚɡɢɬɧɵɟ ɩɚɞɟɧɢɹ 
ɧɚɩɪɹɠɟɧɢɣ Rc· Ikl, ɱɬɨ ɩɪɢ ɪɚɫɱɟɬɟ ɨɬɪɚɡɢɬɫɹ ɧɚ ɜɟɥɢɱɢɧɚɯ ɜɫɟɯ 
ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ Gij. ɑɬɨɛɵ ɫɜɟɫɬɢ ɷɬɢ ɨɲɢɛɤɢ ɤ ɦɢɧɢɦɭɦɭ, 
ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɛɢɪɚɬɶ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪɚɡɦɟɪɵ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ 
ɬɚɤ, ɱɬɨɛɵ ɢɯ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɛɵɥɢ ɦɢɧɢɦɚɥɶɧɵɦɢ, ɚ ɬɚɤɠɟ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɨɥɶɤɨ ɤɚɱɟɫɬɜɟɧɧɵɟ ɨɦɢɱɟɫɤɢɟ ɤɨɧɬɚɤɬɵ. ȿɳɟ ɨɞɧɢɦ 
ɫɥɟɞɫɬɜɢɟɦ ɧɚɥɢɱɢɹ ɤɨɧɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ Rɫ,  ɹɜɥɹɟɬɫɹ ɭɫɢɥɟɧɢɟ 
ɚɦɩɥɢɬɭɞɵ ɲɭɦɨɜ, ɫɨɩɭɬɫɬɜɭɸɳɢɯ ɢɡɦɟɪɟɧɢɹɦ [31].  ȼ ɩɪɟɞɥɨɠɟɧɧɨɣ 
ɫɯɟɦɟ ɜɵɛɨɪɚ ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɨɜ (k,l) = (1,5); (1,4); (1,3); (1,2); (2,6); 
(2,7); (2,8),  ɤɨɧɬɚɤɬɵ ʋ 1 ɢ ʋ2 ɡɚɞɟɣɫɬɜɨɜɚɧɵ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ, 
ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ǻGij , 
ɞɥɹ ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɫɬɪɨɤ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɛɭɞɭɬ ɡɚɦɟɬɧɨ 
ɩɪɟɜɵɲɚɬɶ ɩɨɝɪɟɲɧɨɫɬɢ ɜɫɟɯ ɨɫɬɚɥɶɧɵɯ ɷɥɟɦɟɧɬɨɜ.  
4) ɑɢɫɬɨɬɚ ɢ ɤɚɱɟɫɬɜɨ ɩɨɜɟɪɯɧɨɫɬɢ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ ɬɚɤɠɟ ɢɝɪɚɟɬ 
ɫɭɳɟɫɬɜɟɧɧɭɸ ɪɨɥɶ ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ, 
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ɜ ɱɚɫɬɧɨɫɬɢ, ɜɫɥɟɞɫɬɜɢɟ ɷɮɮɟɤɬɨɜ ɲɭɧɬɢɪɨɜɚɧɢɹ ɤɨɧɬɚɤɬɨɜ 
ɩɨɜɟɪɯɧɨɫɬɧɵɦɢ ɫɨɫɬɨɹɧɢɹɦɢ ɢ ɨɛɨɪɜɚɧɧɵɦɢ ɫɜɹɡɹɦɢ.  
 
2.2. Ɇɚɬɪɢɰɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɟɠɢɦɟ ɤɜɚɧɬɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ 
ȼɫɟ ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜɵɲɟ ɪɚɫɫɭɠɞɟɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɩɪɢɦɟɧɟɧɵ ɩɪɢ 
ɚɧɚɥɢɡɟ ɩɨɜɟɞɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɵɯ ɭɫɬɪɨɣɫɬɜ ɜ ɪɟɠɢɦɟ 
ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɤɜɚɧɬɨɜɨɝɨ ɷɮɮɟɤɬɚ ɏɨɥɥɚ (ɐɄɗɏ) ɜ ɪɚɦɤɚɯ ɮɨɪɦɚɥɢɡɦɚ 
Ʌɚɧɞɚɭɷɪɚ ± Ȼɭɬɬɢɤɟɪɚ (ɎɅȻ) [1, 16].  
ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɬɨɤ, ɩɪɨɬɟɤɚɸɳɢɣ ɱɟɪɟɡ ɤɨɧɬɚɤɬ j, ɦɨɠɟɬ ɛɵɬɶ ɜɵɪɚɠɟɧ 
ɱɟɪɟɡ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɜɫɟɯ ɨɫɬɚɥɶɧɵɯ ɤɨɧɬɚɤɬɚɯ: 
][∑ −=
i
ijijj VVGI ,                                      (2) 
ijji Th
eG ←≡
22                                            (2') 
ɝɞɟ Gji - ɩɪɨɜɨɞɢɦɨɫɬɶ ɤɚɧɚɥɚ ɢɡ ɤɨɧɬɚɤɬɚ i ɜ ɤɨɧɬɚɤɬ j, ɤɨɬɨɪɚɹ ɭɞɨɜɥɟɬɜɨɪɹɟɬ 




ij GG  ɢ BjiBij GG −+ = ][][ , Ɍjĸi ± ɨɛɨɛɳɟɧɧɚɹ 
ɮɭɧɤɰɢɹ ɩɪɨɩɭɫɤɚɧɢɹ, ɤɨɬɨɪɚɹ ɭɱɢɬɵɜɚɟɬ ɱɢɫɥɨ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɦɟɠɞɭ 
ɤɨɧɬɚɤɬɚɦɢ j ɢ i, ɚ ɬɚɤɠɟ ɜɟɪɨɹɬɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɧɨɫɢɬɟɥɟɣ ɜ ɩɪɨɰɟɫɫɟ 
ɞɜɢɠɟɧɢɹ. ɉɟɪɜɨɟ ɭɫɥɨɜɢɟ ɨɬɪɚɠɚɟɬ ɬɨɬ ɮɚɤɬ, ɱɬɨ ɟɫɥɢ ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɫɟɯ 
ɤɨɧɬɚɤɬɚɯ ɨɞɢɧɚɤɨɜɨ, ɬɨ ɩɪɨɬɟɤɚɸɳɢɣ ɬɨɤ ɪɚɜɟɧ ɧɭɥɸ, ɚ ɜɬɨɪɨɟ ɹɜɥɹɟɬɫɹ 
ɫɥɟɞɫɬɜɢɟɦ ɫɢɦɦɟɬɪɢɢ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɨɛɪɚɳɟɧɢɸ ɜɪɟɦɟɧɢ [16]. 
ȼ ɪɟɠɢɦɟ ɐɄɗɏ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ Gij ɧɟ ɪɚɜɧɵ ɧɭɥɸ ɬɨɥɶɤɨ ɞɥɹ 
ɤɚɧɚɥɨɜ, ɫɨɟɞɢɧɹɸɳɢɯ ɫɨɫɟɞɧɢɟ ɤɨɧɬɚɤɬɵ (1ĸ8), (2ĸ1), (3ĸ2), (4ĸ3), 
(5ĸ4), (6ĸ5), (7ĸ6) ɢ (8ĸ7) ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ ɦɨɫɬɢɤɚ (ɫɦ. 
ɪɢɫ 2a). ȼ ɩɪɨɫɬɟɣɲɟɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɜɫɟ ɧɟɧɭɥɟɜɵɟ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ 
ɪɚɜɧɵ ɦɟɠɞɭ ɫɨɛɨɣ ɢ ɨɬɜɟɱɚɸɬ ɩɪɨɩɭɫɤɚɧɢɸ ɫɢɫɬɟɦɵ ɢɡ Ɇ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, 
Gij = MÂe2/h = MÂGɫ Ł G0, ɜɵɪɚɠɟɧɢɟ (2) ɦɨɠɟɬ ɛɵɬɶ ɡɚɩɢɫɚɧɨ ɜ ɦɚɬɪɢɱɧɨɣ 
ɮɨɪɦɟ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ (ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɤɨɧɬɚɤɬɟ ʋ 1 ɜɵɛɪɚɧɨ ɜ ɤɚɱɟɫɬɜɟ 
ɬɨɱɤɢ ɨɬɫɱɟɬɚ, V1 = 0): 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
























































































































,                      (3) 
 
Ɋɟɲɟɧɢɟ ɷɬɨɣ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɫ ɭɱɟɬɨɦ, ɱɬɨ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɵɣ ɬɨɤ 
ɡɚɞɚɟɬɫɹ ɱɟɪɟɡ ɤɨɧɬɚɤɬɵ ʋ1 ɢ ʋ5 (ɬ.ɟ. I2= I3= I4= I6= I7= I8= 0) ɞɚɟɬ ɧɚɦ 
ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɤɨɧɬɚɤɬɚɯ V1 =V2 = V3 = 0  ɢ V6 = V7 = V8 = V5. Ɍɚɤ ɤɚɤ 
ɬɨɤ, ɩɪɨɬɟɤɚɸɳɢɣ ɱɟɪɟɡ ɤɨɧɬɚɤɬ ʋ5, ɪɚɜɟɧ I5 = -G0V5, ɜɵɪɚɠɟɧɢɹ ɞɥɹ 
ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɯɨɥɥɨɜɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɩɪɢɨɛɪɟɬɚɸɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 
Rxx = R15,24 = (V2 ± V4)/I5 =  0 
Rxy = R15,37 = (V3 ± V7)/I5 = h/Me2,                                 (4) 
ɞɟɦɨɧɫɬɪɢɪɭɹ ɰɟɥɨɱɢɫɥɟɧɧɵɣ ɤɜɚɧɬɨɜɵɣ ɷɮɮɟɤɬ ɏɨɥɥɚ, ɤɨɬɨɪɵɣ ɛɵɥ 
ɜɩɟɪɜɵɟ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧ Ʉɥɚɭɫɨɦ ɮɨɧ Ʉɥɢɬɰɢɧɝɨɦ ɜ 1980 ɝɨɞɭ ɩɪɢ 
ɢɫɫɥɟɞɨɜɚɧɢɢ ɦɚɝɧɟɬɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɞɜɭɦɟɪɧɨɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɝɚɡɚ ɜ 
ɤɪɟɦɧɢɟɜɵɯ ɆɈɉ-ɫɬɪɭɤɬɭɪɚɯ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɜɟɪɬɢɤɚɥɶɧɨɦ 
ɡɚɬɜɨɪɟ ɜ ɭɫɥɨɜɢɹɯ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪ (Ɍ = 1.5 K) ɢ ɫɢɥɶɧɵɯ ɦɚɝɧɢɬɧɵɯ 
ɩɨɥɟɣ (B = 17.9 Ɍɥ) [32]. Ȼɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɢɡɦɟɧɟɧɢɟ ɯɨɥɥɨɜɫɤɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɧɚ h/e2 ɩɪɨɢɫɯɨɞɢɬ ɤɚɠɞɵɣ ɪɚɡ, ɤɨɝɞɚ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ 
ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɭɪɨɜɟɧɶ Ʌɚɧɞɚɭ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡɦɨɠɧɚ ɪɟɝɢɫɬɪɚɰɢɹ 
ɐɄɗɏ ɤɚɤ ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɢɥɨɠɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɜɟɪɬɢɤɚɥɶɧɨɝɨ ɡɚɬɜɨɪɚ, 
ɭɩɪɚɜɥɹɹ ɩɥɨɬɧɨɫɬɶɸ ɞɜɭɦɟɪɧɵɯ ɧɨɫɢɬɟɥɟɣ, ɩɪɢ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɨɦ 
ɡɧɚɱɟɧɢɢ ɢɧɞɭɤɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɬɚɤ ɢ ɩɭɬɺɦ ɪɟɝɢɫɬɪɚɰɢɢ ɩɨɥɟɜɵɯ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɯɨɥɥɨɜɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɩɪɢ 
ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɩɨɥɨɠɟɧɢɢ ɭɪɨɜɧɹ Ɏɟɪɦɢ [33]. ɉɪɢ ɷɬɨɦ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ 
ɜɵɪɚɠɟɧɢɹ (4) ɞɨɤɚɡɚɧɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɬɨɱɧɨɫɬɶɸ 10-7, 
ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɭɫɩɟɲɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ Ʉɗɏ ɩɪɢ ɫɨɡɞɚɧɢɢ ɷɬɚɥɨɧɚ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ [34]. ɗɬɨ ɫɬɚɥɨ ɜɨɡɦɨɠɧɵɦ ɛɥɚɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ ɜ ɫɢɥɶɧɵɯ 
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ɦɚɝɧɢɬɧɵɯ ɩɨɥɹɯ ɷɥɟɤɬɪɨɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɬɨɤɚ ɫ ɪɚɡɥɢɱɧɵɦɢ 
ɩɨ ɡɧɚɤɭ ɩɪɨɟɤɰɢɹɦɢ ɜɨɥɧɨɜɨɝɨ ɜɟɤɬɨɪɚ («+k» ɢ «-k» ɫɨɫɬɨɹɧɢɹ) ɨɤɚɡɵɜɚɸɬɫɹ 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ ɪɚɡɧɟɫɟɧɵ ɤ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦ ɤɪɚɹɦ ɨɛɪɚɡɰɚ [1]. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɬɨɤ ɩɟɪɟɧɨɫɢɬɫɹ ɬɨɥɶɤɨ ɜ ɭɡɤɨɦ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɦ ɫɥɨɟ, ɢ, 
ɧɟɫɦɨɬɪɹ ɧɚ ɧɚɥɢɱɢɟ ɞɟɮɟɤɬɨɜ ɢ ɩɪɢɦɟɫɟɣ, ɨɛɪɚɬɧɨɟ ɪɚɫɫɟɹɧɢɟ ɧɟ 
ɩɪɨɢɫɯɨɞɢɬ ɜɫɥɟɞɫɬɜɢɟ ɫɥɚɛɨɝɨ ɩɟɪɟɤɪɵɬɢɹ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɞɥɹ 
ɫɨɫɬɨɹɧɢɣ ɫ ɜɨɥɧɨɜɵɦɢ ɜɟɤɬɨɪɚɦɢ «+k» ɢ «-k».  ȼ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɥɢɡɭɟɬɫɹ 
ɛɚɥɥɢɫɬɢɱɟɫɤɢɣ ɪɟɠɢɦ ɬɪɚɧɫɩɨɪɬɚ ɧɨɫɢɬɟɥɟɣ ɧɚ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɢɯ 
ɪɚɫɫɬɨɹɧɢɹɯ (~1 ɦɦ ɜ [33]), ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɪɟɝɢɫɬɪɚɰɢɢ ɧɭɥɟɜɨɝɨ 
ɩɪɨɞɨɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ, R15,24 = 0. 
ȼɟɥɢɱɢɧɚ ɯɨɥɥɨɜɫɤɨɣ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ ɩɪɢ ɷɬɨɦ ɛɭɞɟɬ ɨɩɪɟɞɟɥɹɬɶɫɹ 
ɤɨɧɬɚɤɬɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ, ɪɚɜɧɵɦ h/Me2, ɝɞɟ M ± ɱɢɫɥɨ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ.   
Ɋɚɫɫɦɨɬɪɢɦ ɫɥɭɱɚɣ, ɤɨɝɞɚ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ, ɨɬɜɟɱɚɸɳɢɟ 
ɫɨɫɬɨɹɧɢɹɦ «+k» ɢ «-k»  ɧɟ ɷɤɜɢɜɚɥɟɧɬɵ: G21 = G32 = G43 = G54 = G+k ɢ G65 = 
G76 = G88 = G18 = G-k (ɫɦ. ɪɢɫ.2ɚ). ɉɭɬɟɦ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ 
ɧɟɬɪɭɞɧɨ ɩɨɤɚɡɚɬɶ, ɱɬɨ ɜ ɭɫɥɨɜɢɹɯ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɹɧɭɳɟɝɨ ɬɨɤɚ ɦɟɠɞɭ 
ɤɨɧɬɚɤɬɚɦɢ ʋ1 ɢ ʋ5, ɢɡɦɟɪɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɯɨɥɥɨɜɫɤɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɪɚɜɧɵ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ,  Rxx = R15,24 =  0 ɢ  Rxy = R15,37 =  1/G+k. 
ɂɧɚɱɟ ɝɨɜɨɪɹ, ɡɧɚɱɟɧɢɟ ɯɨɥɥɨɜɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɪɢ ɫɬɚɧɞɚɪɬɧɨɣ 
ɝɟɨɦɟɬɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɨɥɶɤɨ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɤɚɧɚɥɚ «+k», 
ɞɚɠɟ ɩɪɢ ɩɨɥɧɨɦ ɩɨɞɚɜɥɟɧɢɢ ɫɨɫɬɨɹɧɢɣ «-k», G-k ĺ 0. ɉɪɨɞɨɥɶɧɚɹ 
ɩɪɨɜɨɞɢɦɨɫɬɶ, ɢɡɦɟɪɟɧɧɚɹ 2-ɯ ɤɨɧɬɚɤɬɧɵɦ ɦɟɬɨɞɨɦ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɨɜ ɜ ɤɚɱɟɫɬɜɟ ɢɡɦɟɪɢɬɟɥɶɧɵɯ, ɬɚɤɠɟ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɡɧɚɱɟɧɢɟ  
G15,15 =  1/R15,15 =  G+k, ɢɡɦɟɧɹɹɫɶ ɧɚ e2/h ɤɚɠɞɵɣ ɪɚɡ, ɤɨɝɞɚ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ 
ɩɪɨɯɨɞɢɬ ɭɪɨɜɟɧɶ Ʌɚɧɞɚɭ. ɉɚɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɩɪɢ ɷɬɨɦ ɩɪɨɢɫɯɨɞɢɬ ɧɟ ɧɚ 
ɜɫɟɦ ɩɪɨɬɹɠɟɧɢɢ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ, ɫɨɞɟɪɠɚɳɟɣ ɤɪɚɟɜɵɟ 
ɛɚɥɥɢɫɬɢɱɟɫɤɢɟ ɤɚɧɚɥɵ,  ɚ ɬɨɥɶɤɨ ɧɚ ɬɨɤɨɜɵɯ ɤɨɧɬɚɤɬɚɯ [16].   
ɉɨɞɨɛɧɨɟ ɩɨɜɟɞɟɧɢɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɛɵɥɨ ɩɪɟɞɫɤɚɡɚɧɨ Ʌɚɧɞɚɭɷɪɨɦ 
ɡɚɞɨɥɝɨ ɞɨ ɨɬɤɪɵɬɢɹ ɐɄɗɏ, ɤɨɬɨɪɵɣ ɩɨɤɚɡɚɥ, ɱɬɨ ɟɫɥɢ ɞɥɢɧɚ ɩɪɨɜɨɞɧɢɤɚ 
ɫɬɚɧɨɜɢɬɫɹ ɦɟɧɶɲɟ ɞɥɢɧɵ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ, Lm, ɢ ɞɥɢɧɵ ɮɚɡɨɜɨɣ 
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ɪɟɥɚɤɫɚɰɢɢ, Lĳ, ɬɨ ɪɟɚɥɢɡɭɟɬɫɹ ɛɚɥɥɢɫɬɢɱɟɫɤɢɣ ɪɟɠɢɦ ɬɪɚɧɫɩɨɪɬɚ ɧɨɫɢɬɟɥɟɣ. 
Ʉɨɧɞɚɤɬɚɧɫ ɩɪɨɜɨɞɧɢɤɚ ɩɪɢ ɷɬɨɦ ɨɤɚɡɵɜɚɟɬɫɹ ɪɚɜɟɧ G = 2Me2/h, ɝɞɟ M = 
Int[2W/ȜF] ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɰɟɥɨɦɭ ɱɢɫɥɭ ɮɟɪɦɢɟɜɫɤɢɯ ɩɨɥɭɜɨɥɧ, ȜF, 
ɭɤɥɚɞɵɜɚɸɳɢɯɫɹ ɧɚ ɟɝɨ ɲɢɪɢɧɟ, W [35]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɥɚɜɧɨɟ 
ɭɦɟɧɶɲɟɧɢɟ ɲɢɪɢɧɵ ɩɪɨɜɨɞɧɢɤɚ ɛɭɞɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɫɤɚɱɤɨɨɛɪɚɡɧɨɦɭ 
ɢɡɦɟɧɟɧɢɸ ɤɨɧɞɚɤɬɚɧɫɚ ɜ ɟɞɢɧɢɰɚɯ e2/h, ɢɥɢ ɬ.ɧ. «ɤɜɚɧɬɨɜɨɣ ɥɟɫɬɧɢɰɟ 
ɩɪɨɜɨɞɢɦɨɫɬɢ», ɱɬɨ ɛɵɥɨ ɩɨɞɬɜɟɪɠɞɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɜ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɨɞɧɨɦɟɪɧɵɯ ɤɚɧɚɥɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɫ ɩɨɦɨɳɶɸ ɦɟɬɨɞɢɤɢ 
ɪɚɫɳɟɩɥɟɧɧɨɝɨ ɡɚɬɜɨɪɚ [26, 36-41].  
ȼɚɠɧɵɦ ɨɛɫɬɨɹɬɟɥɶɫɬɜɨɦ ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɭɱɟɬɚ ɜ ɪɚɦɤɚɯ ɎɅȻ ɜ 
ɦɚɬɪɢɰɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɪɨɰɟɫɫɨɜ ɨɛɪɚɬɧɨɝɨ ɪɚɫɫɟɹɧɢɹ ɜ ɤɪɚɟɜɵɯ ɤɚɧɚɥɚɯ, ɚ 
ɬɚɤɠɟ ɧɚɥɢɱɢɟ ɪɚɡɭɩɨɪɹɞɨɱɟɧɢɹ ɜ ɤɨɧɬɚɤɬɚɯ ɡɚ ɫɱɟɬ ɩɪɢɫɭɬɫɬɜɢɹ ɞɟɮɟɤɬɨɜ ɢ 
ɩɪɢɦɟɫɟɣ [16]. ȼ ɩɟɪɜɨɦ ɫɥɭɱɚɟ, ɟɫɥɢ ɫɨɡɞɚɸɬɫɹ ɭɫɥɨɜɢɹ, ɩɪɢɜɨɞɹɳɢɟ ɤ 
ɜɨɡɦɨɠɧɨɫɬɢ ɨɛɪɚɬɧɨɝɨ ɪɚɫɫɟɹɧɢɹ, ɧɚɩɪɢɦɟɪ ɩɭɬɟɦ ɜɜɟɞɟɧɢɹ ɪɚɫɳɟɩɥɟɧɧɨɝɨ 
ɡɚɬɜɨɪɚ, ɜ ɦɚɬɪɢɰɭ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɜɜɟɫɬɢ ɧɨɜɵɟ ɷɥɟɦɟɧɬɵ, 
ɨɬɜɟɬɫɬɜɟɧɧɵɟ ɡɚ ɨɛɪɚɡɨɜɚɜɲɢɟɫɹ ɫɜɹɡɢ ɦɟɠɞɭ ɤɨɧɬɚɤɬɚɦɢ ɫ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɜɟɫɨɜɵɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɪ, ɪɚɜɧɵɦ ɨɬɧɨɲɟɧɢɸ ɱɢɫɥɚ 
ɤɚɧɚɥɨɜ, ɭɱɚɫɬɜɭɸɳɢɯ ɜ ɨɛɪɚɬɧɨɦ ɪɚɫɫɟɹɧɢɢ ɤ ɩɨɥɧɨɦɭ ɱɢɫɥɭ ɤɪɚɟɜɵɯ 
ɤɚɧɚɥɨɜ. Ⱦɨɩɭɫɬɢɦ, ɜ ɫɜɹɡɢ ɦɟɠɞɭ ɤɨɧɬɚɤɬɚɦɢ (8ĸ7) ɢ (3ĸ2) ɫɬɚɥɨ 
ɭɱɚɫɬɜɨɜɚɬɶ ɧɟ Ɇ, ɤɚɤ ɪɚɧɟɟ, ɚ N ɤɚɧɚɥɨɜ. Ɍɨɝɞɚ ɭɫɥɨɜɢɟ Gij = G0, ɛɨɥɶɲɟ ɧɟ 
ɜɵɩɨɥɧɹɟɬɫɹ, ɢ ɜ ɦɚɬɪɢɰɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɹɜɹɬɫɹ ɱɥɟɧɵ G28 = G73 = pG0, ɝɞɟ 
ɪ = (M -N)/M. ɉɪɢ ɷɬɨɦ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ, ɨɬɜɟɬɫɬɜɟɧɧɵɟ ɡɚ ɫɜɹɡɢ ɦɟɠɞɭ 
ɤɨɧɬɚɤɬɚɦɢ (8ĸ7) ɢ (3ĸ2), ɧɚ ɨɫɧɨɜɚɧɢɢ ɩɪɚɜɢɥ Ʉɢɪɯɝɨɮɚ ɬɚɤɠɟ 
ɧɟɨɛɯɨɞɢɦɨ ɭɦɧɨɠɢɬɶ ɧɚ ɤɨɷɮɮɢɰɢɟɧɬ (1-p). Ɋɟɲɟɧɢɟ ɩɨɥɭɱɟɧɧɨɣ ɫɢɫɬɟɦɵ 
ɭɪɚɜɧɟɧɢɣ ɩɪɢɜɨɞɢɬ ɤ ɫɥɟɞɭɸɳɟɦɭ ɜɢɞɭ ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɯɨɥɥɨɜɫɤɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ: 
RL = h/e2Â[1/N ± 1/M], 
RH = h/Me2.                                                    (5) 
Ⱥɧɚɥɨɝɢɱɧɵɦ ɨɛɪɚɡɨɦ ɦɨɠɧɨ ɭɱɟɫɬɶ ɧɚɥɢɱɢɟ ɪɚɡɭɩɨɪɹɞɨɱɟɧɢɹ ɜ 
ɤɨɧɬɚɤɬɚɯ ɡɚ ɫɱɟɬ ɩɪɢɫɭɬɫɬɜɢɹ ɞɟɮɟɤɬɨɜ ɢ ɩɪɢɦɟɫɟɣ. ȼ ɩɪɨɫɬɟɣɲɟɦ ɫɥɭɱɚɟ 
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ɧɚɥɢɱɢɟ ɞɟɮɟɤɬɚ ɜɛɥɢɡɢ ɨɞɧɨɝɨ ɢɡ ɤɨɧɬɚɤɬɨɜ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, ɫɜɹɡɵɜɚɸɳɢɯ ɟɝɨ ɫ ɫɨɫɟɞɧɢɦɢ ɤɨɧɬɚɤɬɚɦɢ, 
ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ɨɬɪɚɠɚɟɬɫɹ ɧɚ ɜɟɥɢɱɢɧɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɦɚɬɪɢɱɧɵɯ 
ɷɥɟɦɟɧɬɨɜ. ȼ ɱɚɫɬɧɨɫɬɢ, ɟɫɥɢ ɜ ɫɜɹɡɢ ɫ ɪɚɡɭɩɨɪɹɞɨɱɟɧɧɵɦ ɤɨɧɬɚɤɬɨɦ 
ɭɱɚɫɬɜɭɟɬ ɧɟ Ɇ, ɚ ɬɨɥɶɤɨ ɨɞɢɧ ɤɚɧɚɥ ɫ ɩɪɨɜɨɞɢɦɨɫɬɶɸ e2/h, ɬɨ ɯɨɥɥɨɜɫɤɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɪɚɜɧɹɟɬɫɹ RH = h/M[1-p]e2 [16].  
ɇɚɥɢɱɢɟ ɤɨɧɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɬɚɤɠɟ 
ɦɨɠɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɥɢɹɬɶ ɧɚ ɜɢɞ ɢɡɦɟɪɹɟɦɨɣ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. 
ɉɭɫɬɶ ɞɥɹ ɩɪɨɫɬɨɬɵ ɜɫɟ ɤɨɧɬɚɤɬɵ ɢ ɤɨɧɬɚɤɬɧɵɟ ɩɥɨɳɚɞɤɢ ɜɨɫɶɦɢ 
ɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɢɞɟɧɬɢɱɧɵ ɞɪɭɝ ɞɪɭɝɭ ɢ ɨɛɥɚɞɚɸɬ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 
Rc, ɢ ɩɪɢ ɷɬɨɦ ɜ ɪɟɠɢɦɟ ɐɄɗɏ ɪɟɚɥɢɡɭɟɬɫɹ ɬɨɥɶɤɨ ɨɞɢɧ ɤɪɚɟɜɨɣ ɤɚɧɚɥ, Ɇ = 1. 
Ɍɨɝɞɚ ɧɚ ɨɫɧɨɜɚɧɢɢ ɩɪɚɜɢɥ Ʉɢɪɯɝɨɮɚ ɫɬɚɧɨɜɢɬɫɹ ɜɨɡɦɨɠɧɵɦ ɪɚɫɫɱɢɬɚɬɶ 
ɜɤɥɚɞ ɫɨɩɪɨɬɢɜɥɟɧɢɣ Rc ɜ ɤɚɠɞɵɣ ɢɡ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ Gij. ɇɚ ɪɢɫɭɧɤɟ 
2b ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɬɚɤɢɯ ɩɨɩɪɚɜɨɤ ɤ ɦɚɬɪɢɱɧɵɦ ɷɥɟɦɟɧɬɚɦ, 
ɫɜɹɡɚɧɧɵɦ ɫ ɤɨɧɬɚɤɬɨɦ ʋ1, ɨɬ ɜɟɥɢɱɢɧɵ Rc. ȼ ɫɢɥɭ ɫɢɦɦɟɬɪɢɢ ɡɚɞɚɱɢ, 
ɨɫɬɚɥɶɧɵɟ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɞɥɹ ɩɪɨɱɢɯ ɤɨɧɬɚɤɬɨɜ ɛɭɞɭɬ ɩɪɟɬɟɪɩɟɜɚɬɶ 
ɬɨɱɧɨ ɬɚɤɢɟ ɠɟ ɢɡɦɟɧɟɧɢɹ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 2b, ɜɤɥɚɞ ɫɨɩɪɨɬɢɜɥɟɧɢɣ 
ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɨɫɬɚɟɬɫɹ ɧɟɫɭɳɟɫɬɜɟɧɧɵɦ ɞɨ Rc < 10 Ɉɦ, ɩɨɫɥɟ ɱɟɝɨ 
ɨɲɢɛɤɚ ɧɚɱɢɧɚɟɬ ɧɚɪɚɫɬɚɬɶ, ɩɪɢɯɨɞɹ ɜ ɧɚɫɵɳɟɧɢɟ ɩɪɢ ɡɧɚɱɟɧɢɹɯ Rc, ɛɥɢɡɤɢɯ 
ɤ ɡɧɚɱɟɧɢɸ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɞɧɨɝɨ ɤɪɚɟɜɨɝɨ ɤɚɧɚɥɚ. Ɍɚɤ, ɩɪɢ Rc > 5 ɤɈɦ 
ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɤɪɚɟɜɨɣ ɤɚɧɚɥ ɩɨ ɜɢɞɭ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɚɧɨɜɢɬɫɹ 
ɡɚɬɪɭɞɧɢɬɟɥɶɧɵɦ, ɬɚɤ ɤɚɤ ɩɨɩɪɚɜɤɚ ɤ ɦɚɬɪɢɱɧɨɦɭ ɷɥɟɦɟɧɬɭ, ɨɬɜɟɬɫɬɜɟɧɧɨɦɭ 
ɡɚ ɫɜɹɡɶ ɦɟɠɞɭ 1 ɢ 8 ɤɨɧɬɚɤɬɚɦɢ ɫɬɚɧɨɜɢɬɫɹ ɫɪɚɜɧɢɦɚ ɫ ɟɝɨ ɜɟɥɢɱɢɧɨɣ. ɉɪɢ 
ɷɬɨɦ ɢɡɦɟɪɹɟɦɵɟ 4-ɯ ɤɨɧɬɚɤɬɧɵɦ ɦɟɬɨɞɨɦ ɩɪɨɞɨɥɶɧɨɟ, RL, ɢ ɯɨɥɥɨɜɫɤɨɟ, RH, 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɬɚɤ ɢ ɨɫɬɚɧɭɬɫɹ ɪɚɜɧɵɦɢ 0 ɢ h/e2, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ȼɟɥɢɱɢɧɚ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ Rc ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɫɤɚɠɟɬɫɹ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɧɚ ɫɩɟɤɬɪɚɥɶɧɨɣ 
ɩɥɨɬɧɨɫɬɢ ɢ ɚɦɩɥɢɬɭɞɟ ɲɭɦɨɜ, ɫɨɩɭɬɫɬɜɭɸɳɢɯ ɢɡɦɟɪɟɧɢɹɦ [31]. 
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2.3. Ɇ ɚɬɪɢɰɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɟɠɢɦɟ ɤɜɚɧɬɨɜɨɝɨ ɫɩɢɧɨɜɨɝɨ ɷɮɮɟɤɬɚ 
ɏɨɥɥɚ 
ɉɪɢɜɟɞɟɧɧɵɣ ɜɵɲɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ ɢɦɟɟɬ ɛɨɥɶɲɢɟ 
ɩɟɪɫɩɟɤɬɢɜɵ ɞɥɹ ɚɧɚɥɢɡɚ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɜɨɣɫɬɜ ɫɢɫɬɟɦɵ ɯɢɪɚɥɶɧɵɯ ɤɪɚɟɜɵɯ 
ɤɚɧɚɥɨɜ ɜ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ ɩɪɢ ɨɩɢɫɚɧɢɢ ɤɜɚɧɬɨɜɨɝɨ ɫɩɢɧɨɜɨɝɨ 
ɷɮɮɟɤɬɚ ɏɨɥɥɚ (Ʉɋɗɏ) [4]. ȼ ɨɬɥɢɱɢɟ ɨɬ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɜ ɪɟɠɢɦɟ ɐɄɗɏ, 
ɬɨɩɨɥɨɝɢɱɟɫɤɢɟ ɤɪɚɟɜɵɟ ɫɨɫɬɨɹɧɢɹ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɧɚɥɢɱɢɟɦ ɞɜɭɯ ɤɨɧɬɭɪɨɜ, 
ɧɚɩɪɚɜɥɟɧɧɵɯ ɜ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɟ ɫɬɨɪɨɧɵ ɞɥɹ ɱɚɫɬɢɰ ɫɨ ɫɩɢɧɨɦ 1/2 ɢ -1/2 ɜ 
ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (ɫɦ. ɪɢɫ. 3a). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ 
ɪɚɫɫɦɨɬɪɟɧɢɢ ɬɪɚɧɫɩɨɪɬɚ ɧɨɫɢɬɟɥɟɣ ɜ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ 
ɧɟɨɛɯɨɞɢɦɨ ɫɨɫɬɚɜɢɬɶ ɞɜɟ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɤɚɠɞɨɝɨ ɢɡ ɷɬɢɯ 
ɤɨɧɬɭɪɨɜ, GĹ ɢ GĻ, ɚɧɚɥɨɝɢɱɧɵɟ ɩɨ ɫɜɨɟɣ ɫɬɪɭɤɬɭɪɟ ɦɚɬɪɢɰɟ G ɜ ɜɵɪɚɠɟɧɢɢ 
(3). ɉɪɢ ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɟ ɞɜɢɠɟɧɢɹ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɭɱɢɬɵɜɚɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ 
ɬɪɚɧɫɩɨɧɢɪɨɜɚɧɢɹ ɨɞɧɨɣ ɢɡ ɦɚɬɪɢɰ [11]. ȼ ɪɟɡɭɥɶɬɚɬɟ, ɩɨɥɧɵɣ ɬɨɤ ɧɨɫɢɬɟɥɟɣ 
ɜ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ ɛɭɞɟɬ ɨɩɢɫɵɜɚɬɶɫɹ ɜ ɪɚɦɤɚɯ ɮɨɪɦɚɥɢɡɦɚ 
Ʌɚɧɞɚɭɷɪɚ ± Ȼɭɬɬɢɤɟɪɚ ɜɵɪɚɠɟɧɢɟɦ (2) ɫ ɦɚɬɪɢɰɟɣ ɩɪɨɜɨɞɢɦɨɫɬɢ GɄɋɗɏ = 
GɄɗɏ + GɄɗɏT. Ɋɚɫɫɱɢɬɚɧɧɵɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɲɟɫɬɢ ɢ ɱɟɬɵɪɟɯ 
ɤɨɧɬɚɤɬɧɨɝɨ ɦɨɫɬɢɤɚ, R = GɄɋɗɏ -1, ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɡɧɚɱɟɧɢɹ: R14,14 = 3h/2e2, 
R14,23 = h/2e2, R13,13 = 4h/3e2, R13,54 = h/3e2 ɢ R14,14 = 3h/4e2, R14,23 = h/4e2, 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɱɬɨ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ, 
ɩɨɥɭɱɟɧɧɵɦɢ ɩɪɢ ɢɡɭɱɟɧɢɢ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɨɜ ɧɚ ɨɫɧɨɜɟ 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ HgTe/CdTe [11]. 
Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɩɪɚɜɨɦɟɪɧɨɫɬɶ ɩɪɢɦɟɧɟɧɢɹ ɨɩɟɪɚɰɢɣ ɬɪɚɧɫɩɨɧɢɪɨɜɚɧɢɹ 
ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɫɭɦɦɢɪɨɜɚɧɢɹ ɦɚɬɪɢɰ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɜ 
ɪɟɠɢɦɟ ɐɄɗɏ ɩɪɢ ɨɩɢɫɚɧɢɢ ɫɩɢɧɨɡɚɜɢɫɢɦɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɬɪɟɛɭɟɬ 
ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɨɛɨɫɧɨɜɚɧɢɹ. ɋɬɪɨɝɨ ɝɨɜɨɪɹ, ɦɚɬɪɢɰɚ ɜɢɞɚ GɄɋɗɏ ɦɨɠɟɬ ɛɵɬɶ 
ɩɨɥɭɱɟɧɚ ɬɨɥɶɤɨ ɧɚ ɨɫɧɨɜɚɧɢɢ ɩɪɚɜɢɥ Ʉɢɪɯɝɨɮɚ ɜ ɩɪɟɞɩɨɥɨɠɟɧɢɢ, ɱɬɨ 
ɦɟɠɞɭ ɞɜɭɦɹ ɫɨɫɟɞɧɢɦɢ ɤɨɧɬɚɤɬɚɦɢ ɢɦɟɟɬɫɹ ɞɜɭɫɬɨɪɨɧɧɹɹ ɫɜɹɡɶ ɫ 
ɩɪɨɜɨɞɢɦɨɫɬɶɸ G0=e2/h, ɤɚɤ ɜ ɫɥɭɱɚɟ ɪɟɚɥɢɡɚɰɢɢ ɛɚɥɥɢɫɬɢɱɟɫɤɨɝɨ ɤɚɧɚɥɚ, 
ɧɨɫɢɬɟɥɢ ɜ ɤɨɬɨɪɨɦ ɩɨɥɧɨɫɬɶɸ ɩɨɥɹɪɢɡɨɜɚɧɵ ɩɨ ɫɩɢɧɭ, ɚ ɪɚɫɫɟɹɧɢɟ ɧɚɡɚɞ 
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ɜɨɡɦɨɠɧɨ ɬɨɥɶɤɨ ɧɚ ɤɨɧɬɚɤɬɚɯ. ɉɨɷɬɨɦɭ ɩɪɢ ɞɟɬɚɥɶɧɨɦ ɪɚɫɫɦɨɬɪɟɧɢɢ 
ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ Gij ɢ Gji, ɨɬɜɟɱɚɸɳɢɟ ɪɚɡɥɢɱɧɵɦ ɧɚɩɪɚɜɥɟɧɢɹɦ 
ɞɜɢɠɟɧɢɹ ɢ ɫɩɢɧɚ, ɞɨɥɠɧɵ ɜɵɱɢɫɥɹɬɶɫɹ ɫ ɭɱɟɬɨɦ ɫɩɢɧɨɜɨɣ ɩɨɥɹɪɢɡɚɰɢɢ 
ɧɨɫɢɬɟɥɟɣ ɢ ɩɪɨɰɟɫɫɨɜ ɫɩɢɧɨɡɚɜɢɫɢɦɨɝɨ ɪɚɫɫɟɹɧɢɹ. ɉɪɢɦɟɪɨɦ ɜɥɢɹɧɢɹ 
ɫɩɢɧɨɜɨɣ ɩɨɥɹɪɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɧɚ ɜɟɥɢɱɢɧɭ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɞɧɨɦɟɪɧɨɝɨ 
ɤɚɧɚɥɚ ɹɜɥɹɟɬɫɹ ɪɟɝɢɫɬɪɚɰɢɹ ɪɚɫɳɟɩɥɟɧɢɹ ɩɟɪɜɨɣ ɫɬɭɩɟɧɶɤɢ ɤɜɚɧɬɨɜɨɣ 
ɥɟɫɬɧɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜɛɥɢɡɢ ɡɧɚɱɟɧɢɹ 0.7(2e2/h) [26, 41-44]. ɗɬɨ 
ɪɚɫɳɟɩɥɟɧɢɟ, ɩɨɥɭɱɢɜɲɟɟ ɧɚɡɜɚɧɢɟ «0.7-ɨɫɨɛɟɧɧɨɫɬɢ», ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ 
ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɬɪɚɧɫɮɨɪɦɢɪɭɟɬɫɹ ɜ ɫɬɭɩɟɧɶɤɭ ɫ ɚɦɩɥɢɬɭɞɨɣ G = 
0.5(2e2/h), ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨɥɧɨɦɭ ɫɧɹɬɢɸ ɫɩɢɧɨɜɨɝɨ ɜɵɪɨɠɞɟɧɢɹ ɞɥɹ 
ɧɨɫɢɬɟɥɟɣ ɜ ɤɚɧɚɥɟ [42]. ɉɪɢ ɷɬɨɦ ɭɦɟɧɶɲɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɧɨɫɢɬɟɥɟɣ 
ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɢɥɨɠɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɜɟɪɬɢɤɚɥɶɧɨɝɨ ɡɚɬɜɨɪɚ, ɬɚɤɠɟ 
ɩɪɢɜɨɞɢɬ ɤ ɚɧɚɥɨɝɢɱɧɨɣ ɬɪɚɧɫɮɨɪɦɚɰɢɢ «0.7-ɨɫɨɛɟɧɧɨɫɬɢ», ɜɫɥɟɞɫɬɜɢɟ 
ɩɪɨɰɟɫɫɨɜ ɫɩɨɧɬɚɧɧɨɣ ɫɩɢɧɨɜɨɣ ɩɨɥɹɪɢɡɚɰɢɢ ɜ ɧɭɥɟɜɨɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ [19, 
26, 45]. 
Ɏɨɪɦɚɥɢɡɦ Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ ɩɨɡɜɨɥɹɟɬ ɭɱɟɫɬɶ ɧɟɷɤɜɢɜɚɥɟɧɬɧɨɫɬɶ 
ɜ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɫ ɪɚɡɥɢɱɧɵɦɢ ɫɩɢɧɚɦɢ. 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ Gj,j-1 = GĹ ɢ Gj,j+1 = GĻ , ɝɞɟ j ɰɢɤɥɢɱɟɫɤɢ ɦɨɠɟɬ ɩɪɢɧɢɦɚɬɶ 
ɡɧɚɱɟɧɢɹ ɨɬ 1 ɞɨ 8 (ɫɦ. ɪɢɫ.3ɚ). Ɇɨɠɧɨ ɩɨɤɚɡɚɬɶ, ɱɬɨ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɞɥɹ 
ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ 
ɦɨɫɬɢɤɚ ɜɵɩɨɥɧɹɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɫɨɨɬɧɨɲɟɧɢɹ: 
Rxx = R15,24 =  GĹÂGĻÂ(GĹ+ GĻ)/(GĹ4+ GĻ4) 
Rxy = R15,37 =  (GĹ - GĻ)Â(GĹ+ GĻ)2/(GĹ4+ GĻ4).                   (6) 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɥɢɱɢɟ ɪɚɫɫɨɝɥɚɫɨɜɚɧɢɹ ɦɟɠɞɭ ɩɪɨɜɨɞɢɦɨɫɬɹɦɢ 
ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɫ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦɢ ɩɪɨɟɤɰɢɹɦɢ ɫɩɢɧɚ, GĹ  
 GĻ, ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɜɟɥɢɱɢɧɵ ɢɡɦɟɪɹɟɦɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɱɬɨ 
ɧɚɛɥɸɞɚɥɨɫɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɪɢ ɢɡɭɱɟɧɢɢ ɧɟɥɨɤɚɥɶɧɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɜ 
ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ ɧɚ ɛɚɡɟ HgTe/CdTe [11]. ɉɪɢ ɷɬɨɦ ɧɚɢɛɨɥɟɟ 
ɫɭɳɟɫɬɜɟɧɧɨɟ ɭɦɟɧɶɲɟɧɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɛɵɥɨ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɨ ɞɥɹ ɇ-
ɨɛɪɚɡɧɨɝɨ ɦɨɫɬɢɤɚ, ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 2-ɯ ɤɨɧɬɚɤɬɧɨɝɨ ɦɟɬɨɞɚ ɢɡɦɟɪɟɧɢɣ, 
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R1414, ɨɫɨɛɟɧɧɨɫɬɶɸ ɤɨɬɨɪɨɝɨ, ɧɚɩɪɨɬɢɜ,  ɹɜɥɹɟɬɫɹ  ɩɪɟɜɵɲɟɧɢɟ ɢɫɬɢɧɧɨɝɨ 
ɡɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɡɚ ɫɱɟɬ ɧɚɥɢɱɢɹ ɤɨɧɟɱɧɵɯ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɭ ɤɨɧɬɚɤɬɨɜ, R2Ʉ = Rɫɬɪɭɤɬɭɪɵ+ Rɤɨɧɬ «ɢɫɬɨɤ» + Rɤɨɧɬ.«ɫɬɨɤ». ɍɱɟɬ 
ɧɟɷɤɜɢɜɚɥɟɧɬɧɨɫɬɢ ɜ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɫ 
ɪɚɡɥɢɱɧɵɦɢ ɫɩɢɧɚɦɢ ɫɨɝɥɚɫɧɨ ɜɵɪɚɠɟɧɢɹɦ (6) ɩɨɡɜɨɥɹɟɬ ɫɧɹɬɶ ɷɬɨ 
ɩɪɨɬɢɜɨɪɟɱɢɟ, ɚ ɬɚɤɠɟ ɨɛɴɹɫɧɢɬɶ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɧɟɧɭɥɟɜɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɜ ɪɟɠɢɦɟ Ʉɋɗɏ, ɧɚɛɥɸɞɚɜɲɟɟɫɹ ɪɚɧɟɟ ɩɪɢ ɢɡɭɱɟɧɢɢ  
ɤɪɟɦɧɢɟɜɵɯ ɧɚɧɨɫɚɧɞɜɢɱɟɣ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɤɪɟɦɧɢɟɜɵɟ ɤɜɚɧɬɨɜɵɟ 
ɹɦɵ ɪ-ɬɢɩɚ ɫ ɩɥɨɬɧɨɫɬɶɸ ɞɜɭɦɟɪɧɵɯ ɞɵɪɨɤ p2D  ~ 1.1·1014 ɦ-2, ɨɝɪɚɧɢɱɟɧɧɵɟ 
į-ɛɚɪɶɟɪɚɦɢ, ɫɢɥɶɧɨ ɥɟɝɢɪɨɜɚɧɧɵɦɢ ɛɨɪɨɦ [7]. Ɂɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɵɟ 
ɜɟɥɢɱɢɧɵ ɬɟɧɡɨɪɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɟɦɧɢɟɜɵɯ ɧɚɧɨɫɚɧɞɜɢɱɟɣ, ɜɵɩɨɥɧɟɧɧɵɯ ɜ 
ɝɟɨɦɟɬɪɢɢ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ ɦɨɫɬɢɤɚ, ɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ 
ɡɧɚɱɟɧɢɹ Gxx = Rxx/(Rxx2+Rxy2) = 4e2/h, ɢ Gxy = Rxy/(Rxx2+Rxy2) = e2/h, ɤɨɬɨɪɵɟ 
ɬɚɤɠɟ ɦɨɝɭɬ ɛɵɬɶ ɨɛɴɹɫɧɟɧɵ ɜ ɪɚɦɤɚɯ ɨɩɢɫɚɧɧɨɝɨ ɜɵɲɟ ɩɨɞɯɨɞɚ ɜ 
ɩɪɟɞɩɨɥɨɠɟɧɢɢ GĹ  = 4.395Âe2/h ɢ GĻ = 3.88Âe2/h.  ɉɪɢ ɷɬɨɦ ɩɨɥɭɱɟɧɧɚɹ 
ɜɟɥɢɱɢɧɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɞɧɨɝɨ ɤɚɧɚɥɚ, G ~ 4Âe2/h, ɧɟɨɞɧɨɤɪɚɬɧɨ ɧɚɛɥɸɞɚɥɚɫɶ 
ɩɪɢ ɢɡɭɱɟɧɢɢ ɤɜɚɧɬɨɜɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɜ ɧɢɡɤɨɪɚɡɦɟɪɧɵɯ ɫɬɪɭɤɬɭɪɚɯ, 
ɜɵɩɨɥɧɟɧɧɵɯ ɧɚ ɛɚɡɟ ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ȼ ɱɚɫɬɧɨɫɬɢ, ɜ ɝɪɚɮɟɧɟ ɩɪɢ 
ɪɟɝɢɫɬɪɚɰɢɢ Ʉɗɏ ɯɨɥɥɨɜɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɩɪɟɬɟɪɩɟɜɚɟɬ ɢɡɦɟɧɟɧɢɹ, 
ɤɪɚɬɧɵɟ 4Âe2/h, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɧɚɥɢɱɢɟɦ ɫɩɢɧɨɜɨɝɨ ɢ ɞɨɥɢɧɧɨɝɨ 
ɜɵɪɨɠɞɟɧɢɹ ɜ ɞɢɪɚɤɨɜɫɤɨɣ ɬɨɱɤɟ ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɝɪɚɮɟɧɚ [46]. ȼ 
ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɚɯ ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ HgTe/CdTe ɩɪɢ 
ɢɫɫɥɟɞɨɜɚɧɢɢ H-ɨɛɪɚɡɧɵɯ ɫɬɪɭɤɬɭɪ ɱɟɬɵɪɟɯ ɤɨɧɬɚɤɬɧɵɦ ɦɟɬɨɞɨɦ, 
ɩɪɨɜɨɞɢɦɨɫɬɶ G14,23 = 4Âe2/h ɜɨɡɧɢɤɚɥɚ ɜɫɥɟɞɫɬɜɢɟ ɧɚɥɢɱɢɹ 
ɪɚɡɧɨɧɚɩɪɚɜɥɟɧɧɵɯ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɫ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦɢ 
ɫɩɢɧɚɦɢ [11]. Ɍɨɱɧɨ ɬɚɤɚɹ ɠɟ ɜɟɥɢɱɢɧɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɪɟɞɫɤɚɡɵɜɚɥɚɫɶ ɞɥɹ 
ɩɪɨɰɟɫɫɨɜ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɯɫɹ ɩɟɪɟɞɚɱɟɣ ɭɞɜɨɟɧɧɨɝɨ ɡɚɪɹɞɚ 2e, ɚ ɢɦɟɧɧɨ 
ɦɧɨɝɨɤɪɚɬɧɨɝɨ Ⱥɧɞɪɟɟɜɫɤɨɝɨ ɨɬɪɚɠɟɧɢɹ ɢ ɩɚɪɧɨɝɨ ɬɭɧɧɟɥɢɪɨɜɚɧɢɹ [47].   
Ʉɚɤ ɢ ɜ ɫɥɭɱɚɟ ɐɄɗɏ, ɧɚɥɢɱɢɟ ɭ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɤɨɧɟɱɧɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ, Rc, ɩɪɢɜɨɞɢɬ ɤ ɜɟɫɶɦɚ ɫɭɳɟɫɬɜɟɧɧɵɦ ɩɨɩɪɚɜɤɚɦ ɤ 
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ɢɡɦɟɪɹɟɦɵɦ ɷɥɟɦɟɧɬɚɦ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. Ɍɚɤ, ɨɲɢɛɤɚ ɜ ɢɡɦɟɪɟɧɢɢ 
ɷɥɟɦɟɧɬɨɜ, ɨɬɜɟɱɚɸɳɢɯ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, ɭɠɟ ɧɚɱɢɧɚɹ ɫ Rc > 
100 Ɉɦ, ɩɪɟɜɵɲɚɟɬ 1% (ɫɦ. ɪɢɫ. 3b). ɉɪɢ ɷɬɨɦ ɜ ɨɬɥɢɱɢɟ ɨɬ ɐɄɗɏ, ɜ ɪɟɠɢɦɟ 
Ʉɋɗɏ ɦɚɬɪɢɰɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɛɥɚɞɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɶɸ ɫɢɦɦɟɬɪɢɢ, 
ɨɛɭɫɥɨɜɥɟɧɧɨɣ ɬɪɟɛɨɜɚɧɢɟɦ ɜɵɩɨɥɧɟɧɢɹ ɫɢɦɦɟɬɪɢɢ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ 
ɨɛɪɚɳɟɧɢɸ ɜɪɟɦɟɧɢ ɜ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ 
ɭɦɟɧɶɲɟɧɢɸ ɤɨɥɢɱɟɫɬɜɚ ɪɚɡɥɢɱɧɵɯ ɦɚɬɪɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. 
 
2.4. ɍɱɟɬ ɜɥɢɹɧɢɹ ɧɚɥɢɱɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɩɪɢ 
ɩɨɫɬɪɨɟɧɢɢ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ 
ȼɥɢɹɧɢɟ ɧɚɥɢɱɢɹ ɭ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɤɨɧɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɧɚ 
ɜɟɥɢɱɢɧɵ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɨɠɟɬ ɛɵɬɶ ɦɢɧɢɦɢɡɢɪɨɜɚɧɨ.  
Ⱦɥɹ ɷɬɨɝɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɪɟɯ ɤɨɧɬɚɤɬɧɨɣ ɫɯɟɦɵ ɢɡɦɟɪɟɧɢɹ ɪɚɡɧɨɫɬɢ 
ɩɨɬɟɧɰɢɚɥɨɜ ɧɟɨɛɯɨɞɢɦɨ ɜɵɱɟɫɬɶ ɢɡ ɢɡɦɟɪɟɧɧɨɣ ɜɟɥɢɱɢɧɵ Uij ɩɚɞɟɧɢɟ 
ɧɚɩɪɹɠɟɧɢɹ  Uci = Rci·Iik, ɝɞɟ Iik ± ɬɨɤ, ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɵɣ ɦɟɠɞɭ i-ɵɦ ɢ k-ɵɦ 
ɤɨɧɬɚɤɬɚɦɢ. Ɂɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɣ Rci ɜ ɞɪɟɣɮɨɜɨɦ ɪɟɠɢɦɟ ɦɨɝɭɬ ɛɵɬɶ 
ɨɰɟɧɟɧɵ ɩɨɫɪɟɞɫɬɜɨɦ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɞɚɧɧɵɯ ɱɟɬɵɪɟɯ- ɢ ɞɜɭɯ- ɤɨɧɬɚɤɬɧɨɝɨ 
ɦɟɬɨɞɨɜ ɢɡɦɟɪɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢɫɫɥɟɞɭɟɦɨɝɨ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɝɨ 
ɭɫɬɪɨɣɫɬɜɚ ɫ ɭɱɟɬɨɦ ɟɝɨ ɭɞɟɥɶɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ. 
Ⱦɚɧɧɵɟ ɨɰɟɧɤɢ ɹɜɥɹɸɬɫɹ ɨɱɟɧɶ ɝɪɭɛɵɦɢ, ɩɨɫɤɨɥɶɤɭ ɧɟ ɭɱɢɬɵɜɚɸɬ ɷɮɮɟɤɬɨɜ 
ɪɚɫɬɟɤɚɧɢɹ ɬɨɤɚ Iik ɩɨ ɨɛɪɚɡɰɭ ɩɪɹɦɨɭɝɨɥɶɧɨɣ ɮɨɪɦɵ ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɜɵɛɨɪɟ 
i-ɨɝɨ ɢ k-ɨɝɨ ɤɨɧɬɚɤɬɨɜ. Ɉɞɧɚɤɨ ɞɚɠɟ ɬɚɤɚɹ ɬɨɱɧɨɫɬɶ ɜ ɨɩɪɟɞɟɥɟɧɢɢ Rci 
ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɭɦɟɧɶɲɢɬɶ ɨɲɢɛɤɭ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ. Ʉɚɤ ɩɨɤɚɡɵɜɚɟɬ ɚɧɚɥɢɡ ɩɨɜɟɞɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɩɨɩɪɚɜɨɤ 
ɤ ɦɚɬɪɢɱɧɵɦ ɷɥɟɦɟɧɬɚɦ Gij, ɭɱɟɬ ɫɨɩɪɨɬɢɜɥɟɧɢɣ Rci ɫ ɬɨɱɧɨɫɬɶɸ ɯɨɬɹ ɛɵ ɞɨ 
10 Ɉɦ ɫɜɨɞɢɬ ɨɲɢɛɤɭ ¨Gij ɤ ɜɟɥɢɱɢɧɟ < 0.1%  (ɫɦ. ɪɢɫ. 2b, 3b). ȼ ɫɥɭɱɚɟ Ʉɗɏ 
ɢ Ʉɋɗɏ ɜɟɥɢɱɢɧɵ ɤɨɧɬɚɤɬɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɬɚɤɠɟ ɦɨɝɭɬ ɛɵɬɶ ɨɰɟɧɟɧɵ 
ɨɩɢɫɚɧɧɵɦ ɜɵɲɟ ɫɩɨɫɨɛɨɦ. Ⱦɥɹ ɷɬɨɝɨ ɧɟɨɛɯɨɞɢɦɨ ɩɟɪɟɜɟɫɬɢ ɬɪɚɧɫɩɨɪɬ ɜ 
ɢɫɫɥɟɞɭɟɦɨɦ ɨɛɪɚɡɰɟ ɢɡ ɛɚɥɥɢɫɬɢɱɟɫɤɨɝɨ ɜ ɞɪɟɣɮɨɜɵɣ ɪɟɠɢɦ, ɧɚɩɪɢɦɟɪ, 
ɩɨɫɪɟɞɫɬɜɨɦ ɫɧɹɬɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɪɟɠɢɦɟ Ʉɗɏ. 
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ɋɭɳɟɫɬɜɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɢɞɚ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɤɨɧɬɚɤɬɨɜ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ 
ɚɧɚɥɨɝɨɜɵɯ ɭɫɬɪɨɣɫɬɜ ɤɪɢɩɬɨɝɪɚɮɢɢ ɫ ɡɚɤɪɵɬɵɦ ɤɥɸɱɨɦ, ɜ ɤɚɱɟɫɬɜɟ 
ɤɨɬɨɪɨɝɨ ɜɵɫɬɭɩɚɟɬ 8-ɢ ɫɢɦɜɨɥɶɧɵɣ «ɩɚɪɨɥɶ», ɫɨɫɬɨɹɳɢɣ ɢɡ Rci , ɝɞɟ i = 1 ± 8.  
ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɢɧɮɨɪɦɚɰɢɹ ɲɢɮɪɭɟɬɫɹ ɨɞɧɢɦ ɢɡ ɤɥɚɫɫɢɱɟɫɤɢɯ ɫɢɦɦɟɬɪɢɱɧɵɯ 
ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɢɯ ɚɥɝɨɪɢɬɦɨɜ ɜ ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ, ɪɚɡɦɟɪɧɨɫɬɢ 8 ɯ 8, ɩɨɫɥɟ 
ɱɟɝɨ ɫɨɡɞɚɟɬɫɹ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɟ ɭɫɬɪɨɣɫɬɜɨ ɫ ɦɚɬɪɢɰɟɣ ɩɪɨɜɨɞɢɦɨɫɬɢ, 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɦɚɬɪɢɰɟ ɫ ɡɚɲɢɮɪɨɜɚɧɧɨɣ ɢɧɮɨɪɦɚɰɢɟɣ, ɢ ɩɪɨɢɡɜɨɞɢɬɫɹ 
ɩɨɜɬɨɪɧɨɟ ɲɢɮɪɨɜɚɧɢɟ ɩɨɫɪɟɞɫɬɜɨɦ ɜɜɟɞɟɧɢɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɧɬɚɤɬɧɵɯ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ, ɜɵɫɬɭɩɚɸɳɢɯ ɜ ɤɚɱɟɫɬɜɟ «ɩɚɪɨɥɹ».  
Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɬɶ ɩɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɩɪɟɞɥɨɠɟɧɧɨɝɨ 
ɚɥɝɨɪɢɬɦɚ ɲɢɮɪɨɜɚɧɢɹ, ɪɚɫɫɦɨɬɪɢɦ ɤɨɧɤɪɟɬɧɵɣ ɩɪɢɦɟɪ. ɉɪɟɞɩɨɥɨɠɢɦ, ɦɵ 
ɯɨɬɢɦ ɡɚɲɢɮɪɨɜɚɬɶ ɫɨɨɛɳɟɧɢɟ «ALL_YOU_NEED_IS_LOVE. _LENNON», ɢ 
ɫɨɯɪɚɧɢɬɶ ɟɝɨ ɜ ɚɧɚɥɨɝɨɜɨɦ ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɨɦ ɭɫɬɪɨɣɫɬɜɟ. Ⱦɥɹ ɷɬɨɝɨ 
ɤɚɠɞɨɣ ɛɭɤɜɟ ɫɨɨɛɳɟɧɢɹ ɫɬɚɜɢɬɫɹ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɱɢɫɥɨ, ɪɚɜɧɨɟ ɟɟ 
ɩɨɪɹɞɤɨɜɨɦɭ ɧɨɦɟɪɭ ɜ ɚɧɝɥɢɣɫɤɨɦ ɚɥɮɚɜɢɬɟ, ɩɪɨɛɟɥɭ ± 27, ɬɨɱɤɟ ± 28. 
ɋɨɨɛɳɟɧɢɟ ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ (1), (12), (12), (27), (25), (15), (21), (27), (14), (5), 
(5), (4), (27), (9), (19), (27), (12), (15), (22), (5), (28), (27), (12), (5), (14), (14), 
(15), (14). ɂɡ ɩɨɥɭɱɟɧɧɨɝɨ ɧɚɛɨɪɚ ɱɢɫɟɥ ɩɨɫɬɪɨɱɧɨ ɫɨɫɬɚɜɥɹɟɬɫɹ ɜɟɪɯɧɹɹ 
ɬɪɟɭɝɨɥɶɧɚɹ ɦɚɬɪɢɰɚ ɪɚɡɦɟɪɨɦ 8 ɯ 8 ɫ ɧɭɥɟɜɵɦɢ ɞɢɚɝɨɧɚɥɶɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ, 
Gź. Ⱦɚɥɟɟ ɩɨɫɪɟɞɫɬɜɨɦ ɫɥɨɠɟɧɢɹ ɩɨɥɭɱɟɧɧɨɣ ɦɚɬɪɢɰɵ Gź ɫ ɟɟ ɷɪɦɢɬɨɜɵɦ 
ɫɨɩɪɹɠɟɧɢɟɦ, Gź + GźT, ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɜɵɱɢɫɥɟɧɢɹ ɞɢɚɝɨɧɚɥɶɧɵɯ 
ɷɥɟɦɟɧɬɨɜ  ɩɨ ɮɨɪɦɭɥɟ ∑−=
j
ijii GG , ɫɬɚɧɨɜɢɬɫɹ ɜɨɡɦɨɠɧɵɦ ɩɨɥɭɱɢɬɶ 
ɦɚɬɪɢɰɭ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɨɝɨ ɭɫɬɪɨɣɫɬɜɚ, ɫɨɞɟɪɠɚɳɟɝɨ 
ɡɚɲɢɮɪɨɜɚɧɧɨɟ ɩɨɫɥɚɧɢɟ. Ɉɞɧɚɤɨ ɬɚɤɨɣ ɲɢɮɪ ɹɜɥɹɟɬɫɹ ɜɟɫɶɦɚ ɭɹɡɜɢɦɵɦ ɤ 
ɜɡɥɨɦɭ. ɂɦɟɹ ɞɨɫɬɚɬɨɱɧɵɣ ɨɛɴɟɦ ɡɚɲɢɮɪɨɜɚɧɧɨɣ ɢɧɮɨɪɦɚɰɢɢ, ɟɝɨ ɦɨɠɧɨ 
ɜɫɤɪɵɬɶ ɩɨɫɪɟɞɫɬɜɨɦ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɱɚɫɬɨɬ ɩɨɜɬɨɪɟɧɢɹ ɫɢɦɜɨɥɨɜ ɢ ɱɚɫɬɨɬ 
ɛɭɤɜ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɚɧɝɥɢɣɫɤɨɦ ɹɡɵɤɟ. ɉɨɷɬɨɦɭ ɩɪɨɜɨɞɢɬɫɹ ɩɨɜɬɨɪɧɨɟ 
ɲɢɮɪɨɜɚɧɢɟ ɩɭɬɟɦ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɜɜɟɞɟɧɢɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ 
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ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɤ ɤɨɧɬɚɤɬɚɦ 1 ± 8, ɫ ɧɨɦɢɧɚɥɚɦɢ, ɪɚɜɧɵɦɢ ɜ Ɉɦɚɯ: (2), (5), (1), 
(20), (12), (5), (19), (27), ɱɬɨ ɫɨɝɥɚɫɧɨ ɢɫɩɨɥɶɡɭɟɦɨɦɭ ɲɢɮɪɭ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɩɚɪɨɥɸ «BEATLES_». ȼ ɪɟɡɭɥɶɬɚɬɟ ɫɨɨɛɳɟɧɢɟ, ɫɨɞɟɪɠɚɳɟɟɫɹ ɜ ɦɚɬɪɢɰɟ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɨɜɨɝɨ ɭɫɬɪɨɣɫɬɜɚ, ɩɪɢɧɢɦɚɟɬ ɜɢɞ: (1.766), (12.715), (11.947), 
(26.108), (24.926), (14.556), (18.868), (27.03), (13.395), (5.293), (5.321), (4.324), 
(23.697), (9.065), (18.53), (26.855), (11.701), (13.704), (19.712), (5.219), (24.458), 
(22.206), (11.604), (5.106), (12.245), (13.204), (12.42), (12.085). ɑɚɫɬɨɬɧɵɟ 
ɦɟɬɨɞɵ ɚɧɚɥɢɡɚ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɧɟ ɞɚɞɭɬ ɪɟɡɭɥɶɬɚɬɚ, ɬɚɤ ɤɚɤ ɨɞɢɧ ɢ ɬɨɬ ɠɟ 
ɫɢɦɜɨɥ ɦɨɠɟɬ ɚɫɫɨɰɢɢɪɨɜɚɬɶɫɹ ɫ ɪɚɡɥɢɱɧɵɦɢ ɱɢɫɥɚɦɢ. ɋɥɨɠɧɨɫɬɶ ɲɢɮɪɚ 
ɦɨɠɧɨ ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɫɢɬɶ ɩɨɫɪɟɞɫɬɜɨɦ ɭɜɟɥɢɱɟɧɢɹ ɧɨɦɢɧɚɥɚ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɤɨɧɬɚɤɬɨɜ, ɨɞɧɚɤɨ ɷɬɨ ɩɪɢɜɟɞɟɬ ɤ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɭɱɢɬɵɜɚɬɶ 
ɛɨɥɶɲɟ ɡɧɚɱɚɳɢɯ ɰɢɮɪ ɩɨɫɥɟ ɡɚɩɹɬɨɣ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ. ȼ ɱɚɫɬɧɨɫɬɢ, ɩɪɢ ɬɨɦ ɠɟ ɫɚɦɨɦ ɩɚɪɨɥɟ, ɡɚɞɚɜɚɟɦɨɦ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ  ɫ ɧɨɦɢɧɚɥɨɦ ɜ 103 Ɉɦ, ɞɥɹ ɤɨɪɪɟɤɬɧɨɝɨ ɞɟɲɢɮɪɨɜɚɧɢɹ 
ɫɨɨɛɳɟɧɢɹ ɧɟɨɛɯɨɞɢɦɨ ɢɡɦɟɪɢɬɶ ɷɥɟɦɟɧɬɵ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫ 
ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɬɨɱɧɨɫɬɶɸ, ɩɪɟɜɵɲɚɸɳɟɣ 10-6.  
 Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɫɨɡɞɚɧɢɟ ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɫ ɡɚɞɚɧɧɨɣ 
ɦɚɬɪɢɰɟɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɹɜɥɹɟɬɫɹ ɜɟɫɶɦɚ ɫɥɨɠɧɨɣ ɬɟɯɧɢɱɟɫɤɨɣ ɡɚɞɚɱɟɣ. 
Ɉɞɧɚɤɨ ɟɺ ɦɨɠɧɨ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɫɬɢɬɶ, ɟɫɥɢ ɩɟɪɟɣɬɢ ɤ ɞɜɨɢɱɧɨɣ ɫɢɫɬɟɦɟ 
ɤɨɞɢɪɨɜɚɧɢɹ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɢɧɮɨɪɦɚɰɢɸ ɜ ɦɚɬɪɢɰɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɛɭɞɟɬ 
ɫɨɞɟɪɠɚɬɶ ɥɢɲɶ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɧɭɥɟɜɵɯ ɢ ɧɟɧɭɥɟɜɵɯ ɷɥɟɦɟɧɬɨɜ, 
ɨɬɜɟɱɚɸɳɢɯ ɨɬɫɭɬɫɬɜɢɸ ɢɥɢ ɧɚɥɢɱɢɸ ɫɜɹɡɢ ɦɟɠɞɭ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ 
ɤɨɧɬɚɤɬɚɦɢ. ɇɚ ɪɢɫɭɧɤɟ 4 ɩɪɢɜɟɞɺɧ ɩɪɢɦɟɪ ɩɪɢɧɰɢɩɢɚɥɶɧɨɣ ɫɯɟɦɵ ɬɚɤɨɝɨ 
ɭɫɬɪɨɣɫɬɜɚ, ɤɨɬɨɪɨɟ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɭɱɟɧɨ ɜ ɪɚɦɤɚɯ ɫɬɚɧɞɚɪɬɧɨɣ ɩɥɚɧɚɪɧɨɣ 
ɬɟɯɧɨɥɨɝɢɢ, ɞɥɹ ɡɚɞɚɧɧɨɣ ɦɚɬɪɢɰɵ ɫ ɪɚɡɦɟɪɧɨɫɬɶɸ 4 ɯ 4.  
 
3. Ɂɚɤɥɸɱɟɧɢɟ 
1) ɉɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɭɥɶɬɢ 
ɤɨɧɬɚɤɬɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɬɪɭɤɬɭɪ. ȼ ɨɫɧɨɜɟ ɦɟɬɨɞɚ ɥɟɠɢɬ ɪɟɲɟɧɢɟ 
ɋɅȺɍ ɧɚ ɛɚɡɟ ɭɪɚɜɧɟɧɢɣ Ʉɢɪɯɝɨɮɚ ɞɥɹ ɤɚɠɞɨɝɨ ɢɡ ɤɨɧɬɚɤɬɨɜ, ɫɨɫɬɚɜɥɟɧɧɵɯ 
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ɢɡ ɪɚɡɧɨɫɬɟɣ ɩɨɬɟɧɰɢɚɥɨɜ Uij, ɢɡɦɟɪɟɧɧɵɯ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɨɤɨɜ Ikl, ɝɞɟ 
i,j,k,l-ɧɨɦɟɪɚ ɤɨɧɬɚɤɬɨɜ. ɉɨɥɭɱɟɧɧɚɹ ɦɚɬɪɢɰɚ ɩɨɥɧɨɫɬɶɸ ɨɩɢɫɵɜɚɟɬ 
ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɴɟɤɬ, ɨɬɪɚɠɚɹ ɟɝɨ ɝɟɨɦɟɬɪɢɸ ɢ ɨɞɧɨɪɨɞɧɨɫɬɶ. Ⱦɚɧɧɵɣ ɦɟɬɨɞ 
ɦɨɠɟɬ ɧɚɣɬɢ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɮɨɪɦɚɥɢɡɦɚ 
Ʌɚɧɞɚɭɷɪɚ-Ȼɭɬɬɢɤɟɪɚ ɞɥɹ ɚɧɚɥɢɡɚ ɬɪɚɧɫɩɨɪɬɚ ɧɨɫɢɬɟɥɟɣ ɜ ɪɟɠɢɦɚɯ Ʉɗɏ ɢ 
Ʉɋɗɏ. Ɉɬɞɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɥɟɜɵɯ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɞɢɚɩɚɡɨɧɟ ɦɚɝɧɢɬɧɵɯ 
ɩɨɥɟɣ, ɨɬɜɟɱɚɸɳɟɦ ɩɟɪɟɯɨɞɭ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ ɩɥɚɬɨ ɜ ɪɟɠɢɦɟ ɐɄɗɏ.  
2) Ⱦɥɹ ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɯɨɥɥɨɜɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɝɨ 
ɭɫɬɪɨɣɫɬɜɚ ɜ ɪɟɠɢɦɟ Ʉɋɗɏ ɩɨɥɭɱɟɧɵ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ, 
ɭɱɢɬɵɜɚɸɳɢɟ ɧɚɥɢɱɢɟ ɧɟɷɤɜɢɜɚɥɟɧɬɧɨɫɬɢ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ ɞɥɹ ɧɨɫɢɬɟɥɟɣ ɫ 
ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦɢ ɩɪɨɟɤɰɢɹɦɢ ɫɩɢɧɚ. ɉɪɟɞɥɨɠɟɧɧɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ 
ɤɚɱɟɫɬɜɟɧɧɨ ɨɛɴɹɫɧɢɬɶ, ɩɨɱɟɦɭ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 2-ɯ ɤɨɧɬɚɤɬɧɨɝɨ ɦɟɬɨɞɚ 
ɢɡɦɟɪɟɧɢɣ ɧɚɛɥɸɞɚɟɬɫɹ ɭɦɟɧɶɲɟɧɢɟ ɩɪɨɞɨɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɟɨɪɟɬɢɱɟɫɤɢ ɩɪɟɞɫɤɚɡɚɧɧɨɝɨ ɡɧɚɱɟɧɢɹ, ɚ ɬɚɤɠɟ ± ɩɨɱɟɦɭ 
ɜɨɡɧɢɤɚɟɬ ɧɟɧɭɥɟɜɨɟ ɯɨɥɥɨɜɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɞɜɭɦɟɪɧɵɯ 
ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɨɜ. 
3) Ⱦɟɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧ ɜɤɥɚɞ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, Rc, ɜ 
ɮɨɪɦɢɪɨɜɚɧɢɟ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɪɟɠɢɦɚɯ  Ʉɗɏ ɢ Ʉɋɗɏ.  
ɉɨɤɚɡɚɧɨ, ɱɬɨ, ɧɚɱɢɧɚɹ ɫ Rc>100 Ɉɦ, ɜɟɥɢɱɢɧɚ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ 
ɩɥɨɳɚɞɨɤ ɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɜɢɞ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. 
ɉɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɩɨ ɦɢɧɢɦɢɡɚɰɢɢ ɷɬɨɝɨ ɜɥɢɹɧɢɹ. 
4) ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɵ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢɹ 
ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɚɧɚɥɨɝɨɜɵɯ ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɢɯ 
ɦɭɥɶɬɢɤɨɧɬɚɤɬɧɵɯ ɭɫɬɪɨɣɫɬɜ ɫ ɡɚɤɪɵɬɵɦ ɤɥɸɱɨɦ ɬɢɩɚ N-ɫɢɦɜɨɥɶɧɨɝɨ 
«ɩɚɪɨɥɹ», ɤɚɠɞɵɣ ɫɢɦɜɨɥ ɤɨɬɨɪɨɝɨ ɚɫɫɨɰɢɢɪɭɟɬɫɹ ɫ ɜɟɥɢɱɢɧɨɣ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɞɧɨɝɨ ɢɡ N ɤɨɧɬɚɤɬɨɜ.   
Ɍɟɤɫɬɵ ɩɪɨɝɪɚɦɦ ɩɨ ɪɚɫɱɟɬɭ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɢɯ 
ɩɨɝɪɟɲɧɨɫɬɟɣ ɞɨɫɬɭɩɧɵ ɜ ɢɧɬɟɪɧɟɬɟ: 
https://drive.google.com/#folders/0B7uvzmnf5CowYUtpU1REWFdLM 1U 
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Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɩɪɨɝɪɚɦɦɵ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɉɪɟɡɢɞɢɭɦɚ ɊȺɇ «Ʉɜɚɧɬɨɜɵɟ ɦɟɡɨɫɤɨɩɢɱɟɫɤɢɟ ɢ 
ɧɟɭɩɨɪɹɞɨɱɟɧɧɵɟ ɫɢɫɬɟɦɵ» (ɩɪɨɟɤɬ 10.4), 7ɣ ȿɜɪɨɩɟɣɫɤɨɣ ɪɚɦɨɱɧɨɣ 
ɩɪɨɝɪɚɦɦɵ (Marie Curie Actions PIRSES-GA-2009-246784 project SPINMET), 
ɚ ɬɚɤɠɟ ɜ ɪɚɦɤɚɯ ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɝɨ ɡɚɞɚɧɢɹ 2014 ɝɨɞɚ ɋɉɛȽɉɍ ɩɨ ɬɟɦɟ 
"Ɇɟɬɨɞɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɝɢɛɪɢɞɧɨɣ ɢɧɮɪɚɫɬɪɭɤɬɭɪɵ ɡɚɳɢɳɺɧɧɵɯ ɨɛɥɚɱɧɵɯ 
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Ɋɢɫ. 1. ɋɯɟɦɚ ɦɟɬɨɞɚ ɪɟɝɢɫɬɪɚɰɢɢ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɜɨɫɶɦɢ 
ɤɨɧɬɚɤɬɧɨɝɨ ɯɨɥɥɨɜɫɤɨɝɨ ɦɨɫɬɢɤɚ. ȼ ɨɫɧɨɜɟ ɦɟɬɨɞɚ ɥɟɠɢɬ ɪɟɲɟɧɢɟ ɫɢɫɬɟɦ 
ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ ɧɚ ɛɚɡɟ ɭɪɚɜɧɟɧɢɣ Ʉɢɪɯɝɨɮɚ ɞɥɹ 
ɤɚɠɞɨɝɨ ɢɡ ɤɨɧɬɚɤɬɨɜ, ɫɨɫɬɚɜɥɟɧɧɵɯ ɢɡ ɪɚɡɧɨɫɬɟɣ ɩɨɬɟɧɰɢɚɥɨɜ Uij, 
ɢɡɦɟɪɟɧɧɵɯ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɨɤɨɜ Ikl, ɝɞɟ i,j,k,l-ɧɨɦɟɪɚ ɤɨɧɬɚɤɬɨɜ. ɉɪɢ ɷɬɨɦ 
ɬɨɤɨɜɵɟ ɤɨɧɬɚɤɬɵ ɧɟɨɛɯɨɞɢɦɨ ɜɵɛɢɪɚɬɶ ɬɚɤ, ɱɬɨɛɵ ɫɪɟɞɢ ɧɚɛɨɪɚ ɧɟ ɛɵɥɨ 
ɞɜɭɯ ɩɚɪ, ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɫɢɦɦɟɬɪɢɢ, (k,l) = (1,5); (1,4); (1,3); 
(1,2); (2,6); (2,7); (2,8). 
 
 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    






Ɋɢɫ. 2. a ± ɫɯɟɦɚ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɦ 
ɯɨɥɥɨɜɫɤɨɦ ɦɨɫɬɢɤɟ ɜ ɪɟɠɢɦɟ ɐɄɗɏ. Ʉɚɠɞɵɣ ɤɪɚɟɜɨɣ ɤɚɧɚɥ, ɫɨɟɞɢɧɹɸɳɢɣ i 
ɢ i+1 ɤɨɧɬɚɤɬɵ, ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɚɬɪɢɱɧɨɦɭ ɷɥɟɦɟɧɬɭ Gi+1,i=MÂe2/h, ɦɚɬɪɢɰɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ, M ± ɰɟɥɨɟ ɱɢɫɥɨ. Ⱦɢɚɝɨɧɚɥɶɧɵɟ ɷɥɟɦɟɧɬɵ ɦɚɬɪɢɰɵ ɩɪɢ ɷɬɨɦ 
ɪɚɜɧɹɸɬɫɹ Gii=- Gi+1,i, ɜɫɟ ɩɪɨɱɢɟ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɪɚɜɧɵ ɧɭɥɸ, ɱɬɨ 
ɨɛɭɫɥɨɜɥɟɧɨ ɬɪɟɛɨɜɚɧɢɟɦ ɜɵɩɨɥɧɟɧɢɹ ɩɪɚɜɢɥ Ʉɢɪɯɝɨɮɚ. 
b - Ɂɚɜɢɫɢɦɨɫɬɢ ɩɨɩɪɚɜɨɤ ɤ ɦɚɬɪɢɱɧɵɦ ɷɥɟɦɟɧɬɚɦ G1j, ɨɛɭɫɥɨɜɥɟɧɧɵɯ 
ɧɚɥɢɱɢɟɦ ɭ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ ɤɨɧɟɱɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, Rc, ɨɬ ɟɝɨ 
ɜɟɥɢɱɢɧɵ ɜ ɫɥɭɱɚɟ M=1, Rci = Rc ɞɥɹ i = 1 - 8. ɉɪɢ Rc = 0 ɧɟɧɭɥɟɜɵɦ ɹɜɥɹɟɬɫɹ 
ɬɨɥɶɤɨ ɷɥɟɦɟɧɬ G18 (ɩɨɩɪɚɜɤɚ ɤ ɧɟɦɭ ɩɪɟɞɫɬɚɜɥɟɧɚ ɤɪɢɜɨɣ, ɦɚɪɤɢɪɨɜɚɧɧɨɣ 
ɡɜɟɡɞɨɣ). ȼ ɫɢɥɭ ɫɢɦɦɟɬɪɢɢ ɡɚɞɚɱɢ, ɩɪɨɱɢɟ ɦɚɬɪɢɱɧɵɟ ɷɥɟɦɟɧɬɵ ɛɭɞɭɬ 
ɩɪɟɬɟɪɩɟɜɚɬɶ ɚɧɚɥɨɝɢɱɧɵɟ ɢɡɦɟɧɟɧɢɹ. 
 
 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    







Ɋɢɫ. 3. a ± ɋɯɟɦɚ ɤɪɚɟɜɵɯ ɤɚɧɚɥɨɜ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ ɜɨɫɶɦɢ ɤɨɧɬɚɤɬɧɨɦ 
ɯɨɥɥɨɜɫɤɨɦ ɦɨɫɬɢɤɟ ɜ ɪɟɠɢɦɟ ɄCɗɏ. ȼɟɪɬɢɤɚɥɶɧɵɦɢ ɫɬɪɟɥɤɚɦɢ ɨɬɦɟɱɟɧ 
ɡɧɚɤ ɩɪɨɟɤɰɢɢ ɫɩɢɧɚ ɧɨɫɢɬɟɥɟɣ ɜ ɤɪɚɟɜɵɯ ɤɚɧɚɥɚɯ. b - Ɂɚɜɢɫɢɦɨɫɬɢ ɩɨɩɪɚɜɨɤ 
ɤ ɦɚɬɪɢɱɧɵɦ ɷɥɟɦɟɧɬɚɦ G1j, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɧɚɥɢɱɢɟɦ ɤɨɧɟɱɧɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, Rc, ɨɬ ɟɝɨ ɜɟɥɢɱɢɧɵ ɞɥɹ ɫɥɭɱɚɹ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ ɧɚ ɪɢɫ. 3a. ɉɪɢ Rc = 0 ɧɟɧɭɥɟɜɵɦɢ ɹɜɥɹɸɬɫɹ ɬɨɥɶɤɨ 
ɷɥɟɦɟɧɬɵ G18 = G12 = e2/h (ɩɨɩɪɚɜɤɢ ɤ ɧɢɦ ɩɪɟɞɫɬɚɜɥɟɧɵ ɤɪɢɜɵɦɢ, 
ɦɚɪɤɢɪɨɜɚɧɧɵɦɢ ɡɜɟɡɞɨɣ ɢ ɤɜɚɞɪɚɬɨɦ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ). 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    





Ɋɢɫ.4. ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɫɨɡɞɚɧɢɹ ɱɟɬɵɪɟɯ ɤɨɧɬɚɤɬɧɨɝɨ 
ɤɪɢɩɬɨɝɪɚɮɢɱɟɫɤɨɝɨ ɭɫɬɪɨɣɫɬɜɚ, ɚɫɫɨɰɢɢɪɭɸɳɟɝɨɫɹ ɫ ɡɚɞɚɧɧɨɣ ɦɚɬɪɢɰɟɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɪɚɡɦɟɪɧɨɫɬɢ 4 ɯ 4, ɢɧɮɨɪɦɚɰɢɹ ɜ ɤɨɬɨɪɨɣ ɤɨɞɢɪɭɟɬɫɹ 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶɸ ɧɭɥɟɜɵɯ ɢ ɧɟɧɭɥɟɜɵɯ ɷɥɟɦɟɧɬɨɜ (ɜ ɞɚɧɧɨɦ ɩɪɢɦɟɪɟ: 
101101), ɨɬɜɟɱɚɸɳɢɯ ɨɬɫɭɬɫɬɜɢɸ (Gij = 0, ɪɚɡɨɪɜɚɧɧɚɹ ɱɟɪɬɚ ɧɚ ɪɢɫɭɧɤɟ) ɢɥɢ 
ɧɚɥɢɱɢɸ ɫɜɹɡɢ ɦɟɠɞɭ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɤɨɧɬɚɤɬɚɦɢ (Gij = 1, ɩɪɹɦɚɹ ɱɟɪɬɚ). 
ɍɫɬɪɨɣɫɬɜɨ ɫɨɡɞɚɺɬɫɹ ɩɨɫɥɨɣɧɨ, ɤɚɠɞɵɣ ɢɡ ɫɥɨɟɜ (I ± III ɜ ɞɚɧɧɨɦ ɩɪɢɦɟɪɟ) 
ɨɬɜɟɱɚɟɬ ɫɬɪɨɤɟ ɜ ɦɚɬɪɢɰɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫ ɭɱɟɬɨɦ ɬɪɟɛɨɜɚɧɢɹ Gij = Gji. 
Ⱦɢɚɝɨɧɚɥɶɧɵɟ ɷɥɟɦɟɧɬɵ ɩɪɢ ɷɬɨɦ ɪɚɜɧɹɸɬɫɹ ɫɭɦɦɟ ɜɫɟɯ ɷɥɟɦɟɧɬɨɜ ɜ ɫɬɪɨɤɟ, 





    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
